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ABSTRACT
C rust form ation in th ree  soils from Mexico (Nadurargid, Durustoll and 
Calciorthid) and  th ree  soils from Louisiana (two Fragiudalfs, and  a 
Hapludalf) w a s  investigated . The objectives w ere: 1) to  charac te r ize  c rus t  
m orphology; 2) to  quantify type , distribution, and geochem is try  of 
cem en ting  ag en ts ;  and 3) to  evaluate  th e  e ffec t of m a n ag em e n t  prac tices  
on infiltration, erosion, c ru s t  s treng th , and corn and  so y b ean  em erg en ce .  
Three  m a n a g e m e n t  p ractices ,  bare, p ro tec ted , and  g y p sum -am ended  w ere  
eva lua ted . C rust m orphology in the  soils of Louisiana indicated th e  
dev e lo p m en t of a c o m p ac te d  layer in th e  upper 0.1 mm of th e  bare  and 
g y p su m -am en d ed  soils. Aggregation w as  improved with th e  gypsum  
a m en d m en t .  The soil su rface  w as  sealed by clay-size particles in th e  
p ro tec ted  soil. In th e  Mexican soils, fine particles w ere  d ispersed , sealing 
th e  soil su rface .  Calcite, free iron oxides, am orphous  Si, and  gypsum , 
w ere  identified as  cem en ting  ag en ts  by SEM/XRF analysis. There  w a s  no 
accum ula tion  of free Fe oxides or am orphous  Si and Al in th e  c ru s ts ,  
relative to  th e  su b su rfa ce  zones .  As a soil am en d m en t ,  gypsum  induced 
precipitation of calcite in c a s e s  w here  calcite w a s  no t  d e te c te d  in th e  soil 
initially. Infiltration ra te  and ponding time w ere  improved in all six soils by 
th e  g y p su m  am en d m en t .  Erosion w a s  d ec re ase d  in th e  g y p su m -am en d ed
xvi
soils by 5 4 %  and  9 8 %  in the  p ro tec ted  soils, com pared  to  th a t  in th e  bare 
soils. C rus t s tren g th  increased  by 9 0 %  in th e  soils of Mexico and  by 2 5 %  
in th e  soils of Louisiana a s  rainfall duration increased  from 3 0  to  6 0  min. 
T he higher va lues  of c ru s t  s treng th  in the  soils of Mexico w ere  related to  
higher w ater-d ispers ib le  clay indices and  higher am o rp h o u s  Si c o n te n ts  in 
th e s e  soils. Corn e m erg en ce  w as  reduced  by 7 5 %  in th e  soils of Mexico 
and  1 3 %  in th e  soils of Louisiana w hen  rainfall intensity  w a s  increased  
from  3 0  to  6 0  min. S oybean  em ergence  w a s  d ec re a se d  by 7 7 %  in the  
soils of Louisiana. No so y b ean  em ergence  w as  obse rved  in th e  soils of 
M exico w h e n  rainfall increased  from 3 0  to  6 0  min.
xvii
CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
Introduction
Loessial soils of Louisiana and soils from th e  north-central part of 
Mexico have  a te n d en cy  to  form c rus ts  a t  the  soil su rface . C rust formation 
s ta r ts  w hen  soil ag g reg a tes  are d ispersed  by physical and /or  chem ical 
m echan ism s . Dispersed soil particles may seal th e  soil su rface ,  infiltrate 
into th e  soil or m ove aw ay  in the  runoff. After th e se  p ro c e sse s  have  taken  
place, a s u b se q u e n t  hot and dry period c a u se s  cem enting  a g e n ts  to  form 
and bind soil particles toge ther .  Finally, c ru s t  formation negatively a ffec ts  
su rface  s tren g th ,  infiltration, gas  soil-a tm osphere in terchange, and 
e m erg en ce  of plants while runoff and soil erosion are increased .
Tw o ty p e s  of soil c ru s ts  are recognized: i) a structura l c ru s t  and ii) a 
depositional c rust.  The p ro cesses  involved in the  deve lopm en t of a 
s truc tu ra l c ru s t  are p resen ted  above. The depositional c ru s t  results  from 
th e  tran spo rta tion  of d ispersed  particles by runoff and their deposition  a t  a 
n e w  location on the  soil su rface , burying the  underlaying material. This 
s tu d y  a d d re s s e s  the  p ro cesses  involved in structura l c ru s t  form ation.
The m echan ism s involved in the  formation of structura l c ru s ts  are  
not clear in th e  loessial soils of Louisiana and soils from north-central 
Mexico. In both  a reas ,  soils are often sub jec ted  to  high-intensity rainfall a t
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2th e  beginning of th e  growing sea so n  w hen  soils have  no p ro tec tion  from 
th e  beating  action of rain-drops. In addition to  this physical d ispersion  of 
soil ag g re g a te s ,  specific chemical properties may also  affec t th e  loss of soil 
s truc tu re ; ex ch an g eab le  sodium, salt con ten t,  and th e  p re se n c e  of highly 
dispersive c lays  such  as  sm ec ti tes  are exam ples. A charac teriza tion  of the  
physical, chem ical,  and mineralogical properties w hich have  been  related to  
soil c rusting  is p resen ted  in Chapter 2.
The m icrom orphology observed  during c rus t form ation is p resen ted  
in C hap ter  3. U nderstanding  morphological c h an g e s  during c ru s t  formation 
helps to  explain altera tions in infiltration, erosion, and soil d ispersion  and 
allows o n e  to  o bse rve  th e  structura l a r rangem en t of the  particles. In this 
chap te r ,  th e  elem ental com position  of cem enting  a g e n ts  is p resen ted  as  
well.
The com plexity  of soil c ru s t  formation increases  w ith th e  
precipitation of cem en ting  ag en ts  in the  soil su rface . C hap ter  4  ad d re s s e s  
cem en ting  a g e n ts  p re sen t  in the  c ru s ts  of soils of Mexico and Louisiana, 
and cons ide rs  th e  accum ula tion  of cem enting  a g en ts  in th e  c ru s t  during 
evapora tion .
C hap te r  5 deals  w ith  the  e ffec ts  of rainfall duration and soil 
m a n a g e m e n t  prac tices  on  infiltration, soil erosion, c ru s t  s tren g th ,  and 
seedling e m erg en ce  of so y b ean  (Glycine max (L.) Merr.) and  corn  (Zea corn
3L.). Finally, the  last chap te r  p resen ts  an overall sum m ary  and conclusions  
of this s tudy .
Review of Literature
The rem ainder of this chap te r  reviews literature address ing  the  
p ro c e s s e s  involved in the  formation of s tructura l crus ts :  th e  d ispersion of 
soil ag g reg a te s ,  and the  segregation  and cem en ta tion  of soil particles. 
Physical dispersion
Physical dispersion is considered one  of the  initial p ro c e s s e s  in the 
form ation  of soil c ru s ts .  The destruction  of ag g reg a te s  is related to  soil 
tex tu re ,  ag g reg a te  stability, soil moisture, and rainfall charac te r is t ics  
(Bradford and Huang, 1991). An analysis  of how  th e se  fac to rs  a ffec t soil 
d ispersability during c ru s t  formation follows.
Rainfall charac teris tics
The m ost im portant rainfall charac teris t ics  affecting th e  break dow n 
of soil a g g reg a te s  and consequen tly  the  formation of soil c ru s ts  are  rainfall 
intensity , duration, frequency , and drop size (Awadhw al and Thierstein, 
1986).
Agassi e t  al. (1985) reported th a t  no seal w as  formed in applying 
low -energy  rainfall (0.01 J /m m /m 2) on either a loam -textured Calcic 
Haploxeralf or a c lay-textured Typic Chrom oxerert. H ow ever, w ith high- 
ene rgy  rain (23 J /m m /m 2), both soils formed a su rface  c rus t.  In turn, Singh
4(1979) s ta te d  th a t  th e  em erg en ce  of plants d ec reased  a s  in tensity  and 
duration of rainfall increased.
Rainfall frequency  is the  major factor in c ru s t  form ation w hich limits 
seedling em ergence .  A rain even t just after planting or during th e  first days  
following planting can result in a d en se  c ru s t  w hich seriously limits seedling 
em erg en ce .  Aujla e t al. (1986) pointed ou t th a t  a heavy  rainfall tw o  days 
afte r  sow ing w h e a t  (Triticum aestivum  L.) caused  a 31 % reduction  in grain 
yield due  to  th e  formation of a crust.
Larger rain d rops have more kinetic energy  to  b reak  d o w n  soil 
a g g re g a te s  and  to  co m p ac t  the  soil su rface . S ivrapasad  and  S arm a (1987) 
reported  th a t  as  drop size increased, c rus t formation w a s  m ore evident, 
co n seq u en tly ,  m ean time for seedling em ergence  of ch ickpea (Cicer arietun 
L.), p igeonpea (Cajunus cajan L.), and pearl millet (Pennisetum typhoides 
L.) w ere  negatively influenced.
Soil tex tu re
C rusts  are  formed in soils of a lm ost any textural c lass  e x c e p t  th o se  
w ith  ex trem ely  low silt and  clay c o n ten t  (Lemos and Lutz, 1957).  Soil 
te x tu re  w a s  reported  by Singer and Warrington (1991) to  be a s  th e  main 
fac to r  w hich influences th e  formation, s treng th , and stability of c ru s ts .
Ferry and  Olsen (1974) reported th a t  sandy  soils form ed w eak e r  
c ru s ts  b e c a u se  the  irregular sh ap e  of sand  caused  m ore random  
a rran g em en t and less c lose  packing of soil particles. In clayey  soils, c ru s t
5s tren g th  increases  b e ca u se  soil particles in su spens ion  se t t le  in an  oriented, 
plate-like fashion, increasing particle-particle a ttrac tion . The e lec tros ta tic  
ch a rg e  of clays allows th em  to  ac t  a s  cem enting  a g en ts .
The s treng th  of c ru s ts  w as  reported  to  increase  a s  clay c o n te n t  
increased  (Ben-Hur e t al., 1985). Soils having a clay c o n te n t  of 1 0 -3 0 %  
w ere  reported  as  being th e  m ost suscep tib le  soils to  form hard c ru s ts .  
A ggrega te  stability
The role of tex tu re  in ag g reg a te  stability is a key c o m p o n e n t  in soil 
crusting . The s tronger th e  soil aggregation , th e  less probability th a t  a soil 
will beco m e  c rus ted  (W est e t  al., 1991). T hese  au th o rs  found th a t  the  
stability of ag g reg a tes  increased  as clay c o n te n t  inc reased . In san d y  and 
sandy-loam  soils, soil ag g reg a te s  w ere  easily d ispersed  due  to  th e  physical 
e f fec t  of raindrop impact.
A ggregate  size is an  im portant function preventing  soil crusting . 
A g g reg a te s  larger than  19 mm in diam eter delayed c ru s t  form ation 
com pared  to  smaller ag g reg a te s  in silt loam (Typic Hapludolls) and clay 
loam (Typic Haplaquolls) soils (Bradford and Huang, 1991).
Chemical dispersion
In addition to  the  physical dispersion of soil a g g re g a te s ,  specific 
chem ical properties may also affec t th e  loss of soil s truc tu re ; 
ex ch an g eab le  sodium, sa lt con ten t,  and the  p resen ce  of highly d ispersive
6clays such  as  sm ectites  are exam ples. A review of h o w  th e s e  fac to rs  
a ffec t the  chemical dispersion during soil c ru s t  formation follows.
Clay mineralogy
Clay mineral com position  is im portant in c ru s t  form ation. Sm ec tites  
and illites are recognized a s  being more dispersible th an  kaolinite (Arora and 
Coleman, 1979). Dispersion of 2:1 clay minerals arises  from repulsive 
fo rces  originating in the  electrical double layer (Sumner, 1991).  Brown 
(1984) s ta ted  th a t  the  swelling effect in sm ec ti tes  is c au sed  by hydration 
of interlayer ca tions. W hen highly hydrated Na is the  interlayer ca tion  and 
conditions of high relative humidity occur, the  2:1 s tru c tu re s  are  d ispersed . 
W hen  Ca is the  interlayer cation, swelling is limited, and th e  2:1 s tru c tu re s  
are  more s tab le  (Brown, 1984).
Although kaolinitic soils are know n to be less d ispersible than  
sm ectit ic  soils, S tern e t al. (1991) reported th a t  highly w e a th e re d  kaolinitic 
soils in the  so u th e a s t  U.S. w ere  d ispersed  w hen  a small am o u n t  of 
sm ec t i te  w a s  p resen t in th e  clay com plex. The sam e  a u th o rs  pointed out 
th a t  while sm ectit ic  soils w ere  more dispersible than  soils with only small 
am o u n ts  of sm ectite ,  soils w ithou t sm ec tite  w ere  m ore s tab le  and  less 
suscep tib le  to  c ru s t  formation than  soils with small a m o u n ts  of sm ectite .  
Exchangeable  ions and electrolyte com position
Chemical dispersion of soil ag g reg a tes  is o ften  due  to  th e  p resen ce  
of high levels of exchangeab le  Na and variable electrolyte  concen tra tion .
7M onovalent ions such  as  Na do not effectively reduce  th e  electronegativ ity  
or ze ta  potential of clays. This allows for a repulsive fo rce  b e tw e e n  clay 
particles w hich  may ca u se  dispersion (Brady, 1990; Sum ner, 1991).  High 
electro ly te  concen tra tion  reduces  chemical dispersion while low  electro lyte  
concen tra t ion  com bined with a relatively high exchangeab le  sodium  
p e rce n tag e  (ESP) te n d s  to  d isperse  soil ag g reg a tes  (Shainberg and  Letey, 
1984).  A ggassi e t  al. (1981) reported th a t  clay dispersion d ec re a se d  as  
e lectrolyte  concen tra tion  in applied w a te r  increased from zero in distilled 
w a te r  to  5 .6  ds /m  in well w ater .
Clay dispersion and soil crusting can  occur even  with low  ESP 
values,  especially  w hen  sm ectitic  clays are  p resen t  (Stern e t al., 1991).  
K asm an e t  al. (1983) reported formation of a soil c ru s t  in sm ectit ic  soils 
having ESP values of 1 .0  and 2 .2 .  In th e se  soils, the  final infiltration rate 
w a s  7 .0  and 2 .4  mm/h, respectively, sugges ting  th a t  th e  d e c re a se  in the  
final infiltration w a s  due to  soil sealing caused  by dispersion of clays.
Even though  mechanical and chemical dispersion are  recognized as  
d ifferent p ro cesse s ,  they  can  be com plem entary  fac to rs  in soil d ispersion 
and  c ru s t  formation. Shainberg  and Singer (1988), observed  th a t  soil 
d ispersion increased  as  rainfall energy  increased in soils with ESP of 0. 
H ow ever, in soils with ESP of 5 and 10, soil dispersion occurred  a t  lower 
rainfall energy  than  in soils with ESP of 0.
A nother exam ple of an interaction, affecting soil d ispersion  and c rus t 
form ation, involves rainfall energy and electrolyte concen tra tion  in the  
applied rainfall. Agassi e t  al. (1985) pointed out th a t  using low energy  
rainfall (0.01 m m /m 2) and distilled w a te r  in soils with ESP of 2 .5 ,  d ispersed  
soil a g g reg a te s  reduced  th e  final infiltration by as much as  7 5 %  com pared  
to  w hen  saline w a te r  w as  used.
Exchangeable  ion com position and electrolyte concen tra tion  can  be 
altered by chemical fertilizers and soil am endm ents .  For exam ple ,  Miller 
and  Scifres (1988) reported th a t  the  use of N aN 03 as  a fertilizer 
en co u rag ed  soil dispersion, reducing final infiltration to  2-3  m m /h. The 
opposite  e ffec t w a s  found w hen phospho-gypsum  w as  applied, yielding a 
final infiltration of 23  mm/h.
Segregation of soil particles
O nce soil ag g reg a tes  have been d ispersed, fine particles m ay m ove 
w ith th e  infiltrating w ater ,  runoff, or settle  on the  soil su rface .  W hen such  
d ispersed  particles m ove with the  infiltration w ater ,  soil pores  b en ea th  the  
soil su rface  are clogged, leading to  the  formation of a clay-rich layer a t the  
bo ttom  of th e  c rust,  referred to by McIntyre (1958) as  the  "w a sh e d  in" 
zone.
The formation of the  "w ashed  in" zone is usually related to  clay 
dispersion in th e  soil su rface . Gal e t  al. (1984) reported  th a t  su rface  c ru s ts  
in soils with ESP >  1 and exposed  to  rain with distilled w a te r  cons is ted  of a
skin of naked sand  grains, followed by a clay-rich layer. H ow ever, the  
sa m e  au th o rs  reported  th a t  w hen  the  ESP of the  soil w a s  1, clay w a s  not 
d ispersed  and  th e  c ru s t  cons is ted  only of a co m p ac ted  skin layer in the  soil 
su rface .
The m anner in w hich susp en d ed  soil particles se tt le  in th e  soil 
su rface  d ep en d s  on the  electrolyte concen tra tion  of the  soil solution. With 
high electrolyte  concen tra tions ,  clay particles tend  to  flocculate . As a 
result, th e  c ru s t  co n s is ts  of particles deposited  randomly forming a 
s tru c tu re  w ith high permeability. W hen the  electroly te  concen tra t ion  is 
low, th e  c ru s t  co n s is ts  of d ispersed  clay particles w hich se tt le  w ith  parallel 
orientation . C rusts  with oriented clays have been  reported  a s  having low 
permeability (Shainberg and  Singer, 1984).
The findings d iscussed  above  su g g e s t  th a t  seg rega tion  of soil 
particles within th e  soil profile, dep en d s  on chemical dispersion. H owever, 
Tarchitzky e t  al. (1984) report th a t  the  p resence  of natural a g g re g a te s  
below  th e  sealed  su rface  is clear ev idence th a t  soil a g g re g a te s  a t  th e  soil 
su rface  w ere  d ispersed  by rainfall impact. T hese  con tras t ing  resu lts  
sup p o r t  th e  idea th a t  c ru s t  formation is the  result of an  in teractive e f fec t  of 
physical and chem ical fac to rs  rather than  the  p roduct of a single p ro cess  or 
factor.
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Drying period
Cementing  a gen t s
Less is known a bou t  the nature and properties of cem en t ing  agen ts  
during soil crust ing than  the  dispersion process .  Silica in semiarid zones ,  
sesqu iox ides  in subtropical  zones,  and organic matter ,  in both  c a s e s ,  are 
cons idered  the  main cementing  agen ts  in soils from th e s e  respect ive  areas.  
Research  address ing  the  role of cementing agen t s  in soil genes is  has  
fo c u s s e d  more  on stable s truc tu re s  such  as  duripans,  hard-set t ing  horizons,  
and saproli tes  rather  than  in temporal  surface c rus ts  (Chartres and 
Fitzgerald, 1988 ;  Chart res  et  al., 1990).
Silica a s  a cementing  agen t  is more likely to occur  in semiarid zones  
b e c a u s e  of  its t e n d en cy  to  accumula te  rather than  leach from the  profile. 
Silica can  occu r  in different forms: soluble molecules (silicic acid), 
h o m oge neous ly  dispersed  colloids (hydrosol),  nonrigid gels (hydrogels)  and 
rigid gels (xerogels) (Hallmark e t  al., 1982).
Char t re s  e t  al. (1990)  conduc ted  a s tudy  to de te rmine the  role of 
chemical  cem en t ing  ag en t s  in a hard-set t ing soil. Amorphous  Si, an 
imogolite-like aluminosil icate,  a feldspathoid mineral, and possibly Si-Fe 
com plexes  w e re  the  major cementing  agents .  Chart res  and Fitzgerald 
(1990) pointed ou t  tha t  cementa t ion  in hardpans  occurred  as  a result  of 
impregnation of clays and matrix materials with small a m o u n ts  of 
am o rp h o u s  Si. Observat ions  using transmiss ion and scanning  microscopy
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in E horizons s how e d  am orphous  Si and am orphous  aluminosil icates 
bonding the  soil particles. These  authors  added  th a t  am orphous  Si and 
aluminosil icates ac ted  as  temporary  cementing  a gen t s  w h e n  they  
precipitated during soil drying.
Brown and Mahler (1988) sugges ted  tha t  am orphous  Si 
concen t ra t ion  in soil is increased by using am monium -based  N and P 
fertilizers. They  added tha t  long-term use of th e s e  fertilizers c a u s e s  a 
su r face  acidification. Silica ac t s  as  a cem enting agen t  by sorbing a t  soil 
part icle-surfaces w hen  levels of silica concen tra t ions  approach  the  solubility 
of a m o rp h o u s  Si. These  results could be important  as  the  use  of 
am m onium -based  N and P fertilizers is a com m on  pract ice in the  semiarid 
zones  of Mexico.  The increase  in acidity would solubilize uns tab le  silicate 
minerals,  increasing the  concent rat ion of soluble silica in the  soil profile, 
the reby  increasing its potential as  a cementing agent .
Amelioration of soils with crusting problems
Crust  formation is com m on in soils with poor aggregation.  The  use 
of gypsum,  phospho-gypsum ,  organic com pounds ,  polyvalent  sal ts ,  or 
syn the t ic  polymers en h an c e  soil aggregation,  and consequen t ly  th e  risk of 
c ru s t  formation is reduced.  The main ef fect s  of  th e s e  products  include the 
im provement of  seedling em ergence ,  pore space ,  infiltration, drainage,  
w a te r  holding capacity,  and hydraulic conductivi ty.  As a result,  runoff,
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erosion,  and evapora t ion are reduced (Terry and Nelson,  1986 ;  Wallace and 
Abouzamzam,  1986;  Shaviv e t  al., 1987;  and Ben-Hur and  Letey,  1989) .
The addition of gypsum  to  soils with an excess ive  ESP of >  10 has 
reduced  c rus t  s t reng th  and  improved aggrega te  stability according to  
A w ahw al  and Thiertein (1986) .  In addition, Ben-Hur e t  al. (1992)  reported 
th a t  g y psum  increased the  electrolyte concentra t ion  in the  soil solution,  
preven ting  clay dispersion and increasing final infiltration ra te s  from 1 0 .0  to 
3 5 . 0  mm/h  w h e n  soils w e re  am ended  with gypsum.
Polyacrylamide (PAM), an organic polymer of high molecular weight ,  
has  th e  ability of binding clay particles toge ther  forming w ate r -s tab le  
ag g reg a te s .  This polymer improved seedling em e rg e n c e  by reducing crus t  
s t reng th  (Wallace and Abouzamzam,  1986).  Terry and Nelson (1986)  
reported th a t  final infiltration w a s  doubled after applicat ions of 5 -20  kg/ha 
of PAM.
Soil crust modeling
An early qualitat ive model describing soil c rus t  formation w a s  
published by McIntyre (1958) .  He pointed out  th a t  a s truc tura l  c rus t  w a s  
formed w h e n  soil agg rega te s  were  des troyed  by the  beat ing  act ion of 
raindrops.  McIntyre ' s  model  s ta ted  tha t  after the  des truc t ion  of the  
ag g reg a te s ,  fine material w a s  " w ashed  in" to  the  soil with the  infiltration 
w a te r  or " w a sh e d  out"  with the  runoff. After the  " w a s h e d  in" p rocess ,  
tw o  n e w  layers in the  soil surface w ere  usually obse rved  as  a part  of  the
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soil c rus t  in the  soil sur face:  i) a com pac ted  "skin" 0.1 mm in th ickness  
and ii) a " w a sh e d  in" 1.5 to 2.5 mm thick layer. The  a c c e p ta n c e  of  this 
model  s ince  then  has  been very controversial.  Some au thors  have 
obse rved  similar p ro cesse s  during soil c rus t  formation (Tarchitzky e t  al., 
1 9 8 4 ,  Onofiok and Singer, 1984),  while other  au thors  have not  observed  
the  tw o  layers (Chen e t  al., 1980 ,  Epstein and Grant,  1973) .  The main 
object ion to  McIntyre 's  model  has  been the  "skin" layer. An obvious 
ques t ion  arises regarding h o w  such  a "skin" layer could be maintained at  
the  sur face  of  the  soil during a rainfall event ,  given the  direct impact  of 
raindrops.
Most  quanti tat ive models  have been developed to  descr ibe h o w  
w a te r  infiltration is al tered by the p resence  of  a sealing layer in th e  soil 
surface .  For example ,  Seginer and Morin (1970) s h o w e d  th a t  the  initial 
hydraulic conductivi ty w a s  reduced w hen  the impact  of  rain drops  on the 
soil su r face  sealed the  soil surface .  However,  the  con t inuous  impact  of 
rain drops  on the  soil su rface  caused  infiltration to return to its initial value 
by opening the  momentari ly sealed surface.  This model cons idered  tha t  
w a te r  infiltration in the  upper soil layer w a s  the average  of  the  sealed  layer 
and the  layer benea th  it. Based on the results of Seginer and Morin 
(1970) ,  Morin and Benjamini (1977) modified the  model  to make  it 
applicable to  different rainfall even ts  by including rainfall intensity a s  a 
variable.
Another  quanti tat ive model w a s  reported by Maulem e t  al. (1992) .  
The basic approach  of this  model a s s u m e s  tha t  soil ag g reg a te s  are 
des t royed  by rainfall and clay-size material is released into suspens ion .
This fine material moves  dow nw a rd  until clogging soil pores.  The 
con t inuous  des truct ion  of  soil agg rega tes  by rainfall involves sett ling,  
filtering, and compaction  of soil particles until an equilibrium point  b e tw ee n  
eros ion  and seal  cons truct ion  is reached.  This model a s s u m e s  th a t  the  
reduction  in permeabil ity of the disturbed layer results  from phys ico­
chemica l  factors  such  as  a reduction of voids,  electrical conductivi ty,  
ca t ion valence ,  cat ion exch a n g e  capacity,  and ESP. This model  also refers 
to  rainfall kinetic energy and  macroscopic  soil propert ies  su ch  as  seal 
th ickness ,  w a te r  retention,  and hydraulic conductivi ty as  the  basis  for 
predict ing the  th ickness  of  the  soil crus t  and its e f fect  on hydraulic 
conductivi ty.
A controversial point in crusting models  has  been  the  use  of ei ther 
cumulat ive rainfall or kinetic energy  as  the  rainfall variable responsible for 
seal formation.  A possible solution to this controversial  point w a s  
p resen ted  by Maulem e t  al. (1992) in a model which  considered  cumulat ive 
rainfall rather  than  kinetic energy as  the  variable dominating seal  formation.
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CHAPTER 2
PHYSICAL, CHEMICAL, AND MINERALOGICAL PROPERTIES AFFECTING 
SOIL CRUST FORMATION IN SOILS OF MEXICO AND LOUISIANA
Introduction
The factors  associa ted  with soil genesis  are cl imate,  paren t  material,  
to pography ,  time,  and living organisms (Jenny,  1941;  S imonson ,  1959 ;  
and Bawer,  1990).  The intensity and interact ion of th e se  fac tors  have 
p roduced  the  variety of soil properties observed  around the  world.  For 
example,  the  major fac tors  responsible for the  dif ferences b e tw ee n  the  
loessial soils of Louisiana and the  soils from the  north-central  part  of 
Mexico are cont ras t ing cl imate and parent  material.
Loess soils of Louisiana are formed predominantly in silt-size 
materials depos i ted  by wind from the  Mississippi River flood plain during 
periods of glaciation (Miller et  al., 1987).  In cont ra s t ,  soils from the  north- 
central part  of Mexico have formed on alluvial deposi t s  and sed im enta ry  
rocks of volcanic origin (CETENAL, 1971a ,  1971b) .
Soils of Louisiana soils have been subjected  to a more in tense  
wea the r ing  envi ronment driven by a mean annual  rainfall of 1 3 4 0  mm  while 
in the  north-central  part of  Mexico, the  mean annual  precipitation is 4 5 0  
mm. In Louisiana, the  abundan t  rainfall has encouraged  the  leaching of 
excha ngeab le  bases  such  as Ca and Mg while in Mexico,  the  sca rce  
precipi tation has  encouraged  not  only the accumula t ion of  exchangeab le
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b ases ,  bu t  also the  formation of ca rbona te s  and in s o m e  c a s e s  gypsum.  
Despite the  cont rast ing soil environments ,  a com m on  problem occurs  in 
both areas:  the  te n d e n c y  to form sur face  c rus ts  which restrict seedling 
e m e rg e n c e  and infiltration and inc reases  soil erosion.
In general ,  the  t e n d en cy  of soils to  form a c rus t  in the  soil su rface  
has  been  at tr ibuted to the  p resence  of high levels of ex cha ngeab le  Na and 
elect rolytes,  highly dispersive clays such  as  smect i t es ,  and rainfall 
charac te ri s t ic s  (Agassi et  al., 1985;  Stern e t  al., 1991 ;  Shainberg  and 
Letey,  1984) .  A knowledge  of  soil propert ies  of the  soils from the  north- 
central  part  of  Mexico and loess soils of  Louisiana is needed  to  unders tand  
th e  c ru s t  formation p rocess  in th e se  soils.
The objective of this s tudy  w a s  to  characterize the  physical , 
chemical ,  and mineralogical properties of six soils of Mexico and Louisiana 
a s  related to  c rus t  formation.
Materials and Methods 
Soil series
The sur face  horizons of  three  loess soils from Louisiana and  three  
soils from th e  north-central  part  of Mexico w ere  used  in this s tudy .  Soils 
from Louisiana were:  Gigger (fine-silty, mixed,  thermic,  Typic Fragiudalf), 
Olivier (fine-silty, mixed,  thermic,  Aquic Fragiudalf), and Coteau  (fine-silty, 
mixed thermic ,  Glossaquic Hapludalf). Soils from Mexico were :  Asogueros
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(loamy, mixed, hypothermic,  Vertic Nadurargid), Sandova les  (loamy, mixed,  
hypothermic ,  Aridic Durustoll), and Reforma (loamy, mixed,  hypothermic,  
Lithic Calciorthid). The approximate site locat ions of soils of  Mexico and 
Louisiana are given in Figure 2.1.
The Gigger soil from Franklin Parish formed in loess.  Drainage and 
permeabil i ty are modera te  and slow, respectively.  Runoff and infiltration 
are medium and s low respectively.  The main use of  this soil is agriculture.  
Main crops  are co t ton ,  soybeans ,  corn,  oats ,  s w e e t  po ta toes ,  grain 
so rghum ,  truck  crops ,  and w hea t .  Because  erosivity in this  soil is high, 
erosion control is required.  The mean annual  air t e m pera tu re  is 19°C and 
the  m ean  annual  rainfall is 1285  mm (Martin e t  al., 1981).
The Olivier soil from East Baton Rouge Parish formed in loess 
material and  is located on ridges, broad flat valleys, and  in slight 
dep ress ions .  Drainage and  permeability are poor and slow, respectively.  
Olivier soils are almos t  level so  tha t  runoff is not severe.  However,  erosion 
control  is needed  if row crops  are grown. The mean  annual  air te m pera tu re  
is 20°C and  the  mean annual  rainfall is 1 3 6 0  mm (Dance e t  al., 1968).
The Coteau  soil from Saint Landry Parish formed in loess material 
and is located on te rrace  uplands having a slightly convex  ridge landscape.  
Slope ranges  from 0  to  3 percent .  Drainage is poor,  and runoff and 
infiltration are slow. Shrink-swell potential is modera te .  Soils are sui table 
for s o y b e a n s ,  corn, vegetab le s,  rice, and s w e e t  po ta toes .  The  mean
Site 
Location
1 Gigger
2 Olivier
3 Coteau
4 Asogueros
5 Sandovales
6 Reforma
Figure 2.1.  Site locat ions of the  soils of Mexico and Louisiana. N>
N3
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annual  air t e m pera tu re  is 20°C and the  mean annual  rainfall is 1 3 8 7  mm 
(Murphy e t  al., 1986).
The Asogueros  soil is located in alluvial a reas  in Salinas de  Hidalgo, 
San  Luis Potosi,  Mexico.  Texture in th e s e  soils is loam. Drainage and 
infiltration is poor.  Shrink-swell potential is high. Soils are suitable for 
corn ,  beans ,  and  w hea t .  The mean  annual  air t e m pera tu re  is 18°C and the 
m e an  annual  rainfall is 4 3 5  mm (CETENAL, 1971b).
The Sandova les  soil is located on flat a reas  in Aguasca li en tes ,  
Mexico. The slope is < 2 % ,  the  tex tu re  is s andy  loam, and a duripan is 
p re s en t  within 5 0  cm  of the  soil surface.  The  paren t  material is 
sed im en ta ry  rock.  Drainage and infiltration are poor.  The  m os t  limiting 
fac tor  to  agriculture is the  low and erratic precipitation.  Organic carbon 
co n t e n t  and fertility level are very low. The m os t  impor tan t  crops  g rown in 
th e s e  soils are corn and beans .  The mean annual  air t e m pera tu re  is 18°C 
and  the  m ean  annual  precipitation is 4 5 0  mm (CETENAL, 1971a) .
The  Reforma soil is located in Salinas de Hidalgo, San  Luis Potosi,  
Mexico in alluvial a reas  with poor drainage and infiltration. Shrink-swell 
potential  is high. T hese  soils are suitable for corn  and beans .  The mean  
annual  air t e m pera tu re  is 17°C and the  mean annual  rainfall is 4 7 8  mm 
(CETENAL, 1971b) .
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Physical  character is t ics
Particle-size distribution
Particle-size distribution w a s  de termined after  dispersing the  samples  
with sodium h e x am e ta p h o sp h a te  solution. The  samples  w ere  shaken  on a 
horizontal reciprocating shaker  for 16 h. Clay p e rcen tage  w a s  de te rmined 
using the  pipet method described by Gee and Bauder (1986) .  Sand 
fract ions  w ere  sieved and weighed.  Silt c o n ten t  w a s  calculated by 
difference.
Soil moisture con ten t
Soil moisture con ten t  of  samples  used in physical  and chemical 
ana lyses  w a s  determined from oven-dried subsam ples  a t  105°C for 2 4  
hours.
Chemical  character is t ics  
Soil reaction
Soil reaction w a s  measured  in 1:1 H20  and 1:1 1M KCI on a 
Beckman Zeromatic pH meter  following the  method  described  by Soil 
Survey  Staff  (1984).
Organic carbon
Organic carbon (OC) w a s  es t imated  by the  modified Walkley-Black 
procedure  described by Prince (1955).
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G ypsum
G ypsum w a s  quanti tat ively determined by the  electrical conductiv i ty 
m e thod  descr ibed by the  U. S. Salinity Lab. Staff  (1969) .
Calcium ca rbona te
The C a C 0 3 equivalent  w a s  determined by acid neutralization using 
the  method  described by the  U. S. Salinity Lab. Staff  (1969).
A m orphous  silica and aluminum
A morphous  Si and Al w ere  es t imated  using hot  1 .0  M NaOH as 
descr ibed  by Alexiades and Ja c k s o n  (1967).
Free iron oxides
Free Fe oxides w e re  determined by th e  di thionite-ci trate-bicarbonate 
m e thod  descr ibed by Mehra and J a c k s o n  (1960).
Satu ra t ion  ex t rac t
Sa tura ted  p as te s  were  equilibrated for 2 4  hours.  The  ex t rac ted  
solution w a s  obtained  using Buchner funnels  and v a c u u m  as  descr ibed by 
the  U. S. Salinity Lab. Staff  (1969).  Soluble Ca, Mg, K, and Na were  
de termined  for the  saturat ion  ex t rac ts  using ICP. Sulfates,  Cl, and N 0 3 
w ere  de termined  by ion ch rom atography  (IC). The  H C 0 3 c o n te n t  w a s  
es t im ated  a s  the  anion deficit.
Electrical conductivi ty
The  electrical conductivi ty (EC) of  sa tu ra ted  ex t rac ts  w a s  obta ined  using a 
YSI model  35  c o n d u c ta n c e  meter  (U.S. Salinity Lab. Staff ,  1969) .
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Water-dispersible clay index
A water-dispersible clay index (WDCI) w a s  es t imated  by dividing the 
clay p e rc e n ta g e  obta ined using distilled w a te r  (with no dispersing agent)  by 
the  clay p e rcen tage  using sodium h e x a m e th a p h o sp h a te  a s  a dispersing 
a g e n t  (Stern e t  al. 1991).
Sodium adsorp tion  ratio
The sodium adsorption ratio w a s  obtained using the  following 
equat ion  (1) (U. S. Salinity Lab. Staff,  1969):
Na
SAR = --------------------------------
((Ca + Mg)/2)1/2
w h ere  ion concen t ra t ions  were  expressed  in cmol/L.
Mineral character is t ics  
Pre - t rea tments  for clay mineralogy
Soils w e re  t rea ted  to  remove organic matter ,  ca rb o n a te s ,  iron oxides,  
and  am o rp h o u s  materials . Organic matte r  w a s  removed using hydrogen 
peroxide as  described by Kunze and Dixon (1986) .  C a rbona tes  w ere  
removed using the  acet ic  acid (HOAc) method ci ted by J a c k s o n  (1985).
Iron oxides  w ere  removed using di thionite-ci trate-bicarbonate (DCB) 
accord ing  to  Mehra and J a c k s o n  (1960).
The whole clay fract ion ( < 2 . 0 / / m )  w as  sepa ra ted  by sedimentat ion.  
Fine clay (< 0 .2 / /m )  and coarse  clay (2.0 to  0 .2  fjm) f ract ions were
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s e p a ra ted  by centr ifugation (Jackson ,  1985) .  After  separa t ion  of coarse  
and fine clays,  am orp h o u s  silica and aluminum w ere  removed using boiling 
1M NaOH as  descr ibed by Alexiades and J a c k s o n  (1967) .
Weigth p e rce n tag es  of coarse  and fine clays w ere  determined 
gravimetrically.  Coarse  and fine clays were  sa tu ra ted  with 0 . 3 3  N KCI and 
0 . 3 3  N MgCI2 prior to XRD analysis.  T rea tments  with KCI w ere  rinsed with 
distilled w ate r .  Magnes ium chloride trea ted  clays w ere  so lvated  with 
ethylene-glycol  and glycerol.
Clay mineral identification
Oriented slide m oun ts  were  run on a Philips X-ray dif f rac tometer  
using Cu-Ko radiation.  The Mg-sa tura ted  ethylene-glycol  so lvated  trea ted  
slides w ere  run from 2° to  30° 2 0 .  All other  t r e a tm e n t s  w ere  run from 2° 
to  15° 2 0  using 4 0  KV and 25  ma.  The charac ter is t ic  d-values 
(angs troms) for mineral identification are s h o w n  in Table 2 .1 .  Semi- 
quant i tat ive  e s t im a tes  of mineral composit ion w ere  based  on a rea s  of 
character is t ic  diffraction peaks .
R andom -pow der  dif fractograms
Identification of o ther  soil minerals w a s  also done  by XRD. Samples  
from bulk soils w e re  finely ground and uniformly packed in a d ry-pow der  
sample  holder.  Caution w a s  used to  avoid orientat ion of  particles by 
p ressu re  e f fec t s  during the  packing procedure.  Samples  w ere  run from 2° 
to  50° 2 0  using 4 0  KV and 25 ma.
Table 2 .1 .  Characteris t ic  X-ray diffractio p e a k s 1 for minerals in 
clay fract ions.
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Mineral Trea tment d Value hkl
o
(A)
Smecti te MgEG 17 .0 001
8 .5 0 0 2
K550 10 .0 001
5 .0 0 0 2
3 .3 0 0 3
Vermiculite MgEG 14.2 001
7.1 0 0 2
K550 10 .0 001
5 .0 0 0 2
lllite MgEG 10 .0 001
5 .0 0 0 2
K 550 10 .0 001
5 .0 0 0 2
Kaolinite MgEG 7.1 001
3 .6 0 0 2
K300 7.1 001
3 .6 0 0 2
K550 none none
Quartz All 4 .3 100
3 .3 101
Feldespar All 3.1 0 0 2
Ti.____i ___________t m i t  »
3 .2 0 4 0
' J a c k s o n  (1975).
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Data quality
Physical and chemical analyses  w ere  performed on th ree  replicates. 
Data are reported as  the mean of  th e se  replicates.
Discussion of Results 
Physical characteristics
Particle size distribution
Particle size distribution influences the  formation and s t reng th  of  soil 
c rus ts .  Soil c rus ts  can  be formed in soil of  a lmost  any  tex tu re  e x c e p t  in 
s a n d y  soils with extremely low silt and clay c o n ten t  (Singer and 
Warrington ,  1991;  Lemos and Lutz, 1957).  Particle size distr ibution 
results,  with and  without  a dispersing agent ,  are p resen ted  in Table 2.2 .
Silt w a s  the  dominan t  particle size fract ion using sodium 
hex a m e ta p h o sp h a te ,  for the  Gigger, Olivier, and Coteau ,  ranging from 72  
to  8 7 % .  In the  soils of  Mexico, sand  w a s  the  dominan t  particle size 
fract ion,  ranging from 4 2  to 5 2 % .  Clay co n te n t  in all six soils w a s  similar, 
ranging from 11 to  2 4 % .
The dif ferences in soil texture  b e tw ee n  the  soils of Mexico and 
Louisiana can  be at tr ibuted to contrast ing paren t  materials .  High silt 
c o n te n t  is typical of loessial soils of Louisiana as  a c o n s e q u e n c e  of the  
uniform particle size deposi ted  by wind (Miller, 1984) .  The coa rse r  tex tu re
Table 2 .2 . Particle size distribution for dispersing ag en t (DA) and distilled w a te r  (DW)
and w a te r  dispersible clay index (WDCI).
-------------DA-------------------  Textural  D W -------
Soil Sand Silt Clay Class Sand Silt Clay WDCI
----------------% -------------------  for DA  % --------------------
Gigger 12 72 16 Silt loam 13 79 8 0.50
Olivier 2 87 11 Silt 8 90 2 0.18
Coteau 4 82 14 Silt loam 10 87 3 0.21
Asogueros 46 31 23 Loam 45 36 19 0.83
Sandovales 52 29 19 Sandy loam 57 28 15 0.79
Reforma 42 34 24 Loam 43 38 19 0.79
oo
o
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of the  soils of Mexico is a result of the high sand  co n te n t  in their respec tive 
paren t  materials.
It is important  to point out  tha t  the sand  con ten t  of  1 2 %  obtained  in 
t h e  Gigger soil su rface  is not  typical of loessial soils. However,  Miller e t  al. 
(1988)  point out  the  p resence  of a basal mixing zone in the  loessial soils of 
Louisiana.  This basal mixing zone is defined as  a zone w h e re  a thin layer 
of loess  is con tamina ted  by underlying alluvial materials.
Water-dispers ible clay index
W hen  particle size distribution w as  determined using only distilled 
w a te r ,  the  clay c on ten t  decreased  about  8 0 %  in the  Olivier and  Coteau  
soils,  and 5 0 %  in the  Gigger soil. In the soils of  Mexico,  the  d e c re a se  of 
clay c o n te n t  with distilled w a te r  w a s  approximately 5 . 5 %  (Table 2.2).  
Higher water-dispersible clay indices (WDCI) were  observed  in the  soils of 
Mexico (0 .79  to  0 .83)  than  in soils of Louisiana (0 .18  to 0 .50 ) .  These  
results  clearly su g g es t  tha t  soils of Mexico are much more dispersible than  
soils of  Louisiana. The high WDCI found in the  soils of Mexico s u g g e s t s  
this  fac tor  may have a substantial  role in crus t  development .  The low 
WDCI in soils of Louisiana s u gges t s  tha t  dispersed clays may not  play a 
critical role in crus t  development.
One reason  tha t  the  soils of Mexico are more  dispersible is the  higher 
SAR in th e s e  soils compared  to the  soils of Louisiana. The higher WDCI in 
Gigger with respec t  to  tha t  in Olivier and Coteau  is m os t  likely related to
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the  low OC co n te n t  in this soil. A more detailed d iscuss ion address ing  SAR 
and OC will be presented  later in this chapter .
Chemical  characteri s t ics  
Potential cementing  agen t s
The am o u n ts  of free Fe oxides,  am orphous  Si and Al, C a C 0 3, 
gypsum ,  and OC available to  ac t  as  potential cementing  a g e n t s  are sh o w n  
in Table 2.3 .
Iron oxides and am orphous  Si and Al tend  to accum ula te  in the  soil 
rather  than  being leached.  The percent  of  free Fe oxides w a s  higher in 
soils of Louisiana (0 .19  to  0 .4 9 % )  than  in soils of  Mexico (0 .02  to 0 .0 8 % ) .  
In con t ra s t ,  am orphous  Si and Al were  3 to 4  t imes higher in soils of 
Mexico than  in soils of Louisiana. The dif ferences in th e  a m o u n t  of  th e s e  
potential cem ent ing  a gen t s  s u g g es t s  tha t  the  w arm  and  humid cl imate in 
Louisiana t e n d s  to concen t ra te  free Fe oxides th rough hydrolysis and 
oxidation of  Fe and tha t  the  semi-arid cl imate in the  north-central  part  of 
Mexico fails to  remove the  weather ing products  of am o rp h o u s  Si and Al 
from the  soil profile. Ano ther  important factor  which may have  influenced 
the  cont ra st ing  am oun ts  of am orphous  Si and Al w a s  the  paren t  material.  
The soils of  Mexico were  derived from parent  material of  volcanic origin 
which  has  a high probability of containing substantia l  a m o u n ts  of 
a m o rp h o u s  glass.
Table 2 .3 . Quantification of possible cem enting  agen ts  in soils of Mexico and Louisiana.
Soils Fe20 3 Al20 3 S i 0 2 C a C 0 3 Gypsum OC"
 % ------------------------------------------------
Gigger 0 .4 9 0 .5 7 1.09 - - 0 .2 7
Olivier 0 .2 8 0 .4 9 1.09 - - 1.02
Coteau 0 .1 9 0 .5 0 1.18 - - 1 .19
Asogueros 0 .0 7 1 .46 4 .3 8 3 .90 - 1.15
Sandovales 0 .0 8 1 .42 4.51 - 0 . 3 3 0 .3 3
Reforma 0 . 0 2 1 .150 4 . 0 2 11 .40 • 1.76
* =  Organic carbon
coco
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The p resence  of C a C 0 3 and gypsum is ano ther  c o n s e q u e n c e  of the 
con t ras t ing  cl imate b e tw ee n  soils of Mexico and Louisiana. High Ca 
concen t ra t ions  in the  soils of Mexico favors the  formation of calcite and 
gypsum .  Calcium ca rbona tes  were  present  only in A sogue ros  and Reforma 
soils with 3 .9  and 1 1 .4 %  respectively,  while gypsum w a s  d e tec te d  only in 
Sandova les  with 0 . 3 3 %  (Table 2.3).
O ad es  (1985)  reported tha t  increasing the  OC from < 1 %  up to 
1 .5 %  c a u s e d  an increase in aggrega te  stability. Considering the 
im por tance  of OC in the  formation of s table aggrega tes ,  a relationship w as  
obse rved  b e tw e e n  the  OC con ten t  in the  soils of Louisiana and the  WDCI. 
As p resen ted  early in this chapter ,  the  WDCI in the  Gigger soil w a s  0 .5 ,  
while in the  Olivier and Coteau,  the  WDCI w a s  0 . 1 8  and  0 .2 1 ,  
respectively.  The  higher WDCI found in the  Gigger soil co incides  with its 
low OC co n te n t  (0.27),  indicating tha t  the  a b s e n c e  of OC could be 
responsible for the  increased WDCI.
In the  c a s e  of  the  soils of Mexico, OC w a s  1.15 ,  0 .3 3 ,  and  1 .7 6 %  
in A sogueros ,  Sandovales,  and Reforma respectively.  Although the  soils of 
Mexico have  similar OC values to tha t  in the soils of Louisiana, the re  w as  
no relat ionship be tw ee n  OC and WDCI. This s u g g e s t s  th a t  s o m e  other  
factor ,  pe rhaps  the  high SAR con ten t  of the  soils of Mexico relative to  soils 
of  Louisiana has  a s tronger influence on the  dispersion of  th e s e  soils than  
any  cem ent ing  ef fec t  linked to OC.
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Dispersion factors
The concentra t ion  of  cat ions and anions in sa tu ra ted  pas te  ex t ra c ts  
exemplify the  con t ra s t  in wea ther ing condit ions and paren t  material 
b e tw e e n  soils of Mexico and Louisiana (Table 2.4) . Soils from the  north- 
cent ral  part  of Mexico are subject  to insufficient rainfall to  leach base  
ca t ions  (Ca, Mg, Na, and K). In turn,  the  soils of Louisiana are sub jec ted  to 
a more a b u n d a n t  rainfall and consequen t ly  to  more effect ive leaching of 
b ases ,  while substantial  accumula t ion of salts  occurs  in the  soils of 
Mexico.  As a result of accumula t ion of Na in the  soil solut ion and on 
ex c h a n g e  si tes,  the  SAR values in the soils of Mexico (3.81 to  4 .5 7 )  are 
higher than  th o s e  in the  soils of Louisiana (0 .29 to  0 .73)  (Table 2.5).
Comparing SAR with the WDCI of each  soil, a positive relat ionship is 
apparen t .  Low SAR and WDCI values  characterize the  soils of Louisiana, 
while high SAR and WDCI values represen t  the  soils of Mexico.  A similar 
relat ionship b e tw ee n  EC and WDCI w as  observed .
Another  c o n s e q u e n c e  of the  cont rast ing weather ing  condit ions  
prevailing in soils of Mexico and Louisiana and related to soil dispersion is 
pH (Table 2.5) .  The pH in the soils of Louisiana and the  Sandova les  soil 
a re  more  acid than  in the  A sogueros  and Reforma soils. The acidity in soils 
of Louisiana results  mos t  likely from the  loss of base  cat ions  th rough  
leaching. In Sandovales  the  acidity could be a c o n s e q u e n c e  of con t inuous  
applicat ion of NH4-N fertilizer. An acidifying ef fec t  in soils after several
Table 2.4 .  Cation and anion concentra t ions  in sa tu ra ted  pas te  ex t rac ts  of soils of 
Mexico and Louisiana.
Soil Na Mg Ca K Cl U) o n o 3 H c c y
lllillUI/L
Gigger 0.96 1.00 2.30 0.83 1.68 0.63 0.73 4.72
Olivier 1.00 0.51 1.41 1.00 1.04 0.83 0.04 3.08
Coteau 0.69 0 .84 4.96 0.62 0.66 0.45 0.05 11.30
Asogueros 14.47 1.70 9.86 2.72 2.77 10.53 2.61 13.84
Sandovales 17.65 3.04 8.83 3.73 3.37 19.55 0.05 2.44
Reforma 11.90 0.71 8.36 1.10 4.40 8.71 0.21 9.52
t  Calculated as  difference be tw een  (Ca +  Mg +  Na +  K) - (Cl + S 0 4 + N 0 3).
3 7
Table 2 .5 .  Chemical  soil properties  of  soils of  Mexico and  Louisiana.
Soil pHk PHW EC' SAR”
dS/m
Gigger 5 .4 8 6.05 0 . 7 4 0 . 5 3
Olivier 5 .3 0 5 .27 0 . 3 9 0 . 7 3
Coteau 6 .75 7 .25 0 . 7 9 0 . 2 9
A sogue ros 7 .2 9 7 .89 2 .83 3 . 9 8
Sandova les 5 .0 0 5 .7 4 3 .0 6 4 . 5 7
Reforma 7 .2 7 8.11 2 .23 3.81
* = Electrical conductivi ty (EC)
** =  Sodium adsorption ratio (SAR) 
pHk = 1 : 1 ,  soil:1M KCI 
pHw = 1:1,  soihdistilled w ate r
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years  of  applying NH4-N fertilizer w a s  reported by Brown and Mahler  
(1988) .  However ,  the  pH below the  surface horizon in Sandova les  is 
repor ted to  be 6 .8  (CETENAL 1971a) .
The  relatively high SAR and alkaline pH favor chemically dispersive 
condi t ions  in th e se  soils.
Mineral characteri s t ics  
Clay mineral composi t ion
Kaolinite, smecti te ,  and illite w ere  identified in the  fine and coarse  
f rac t ions in all six soils (Table 2.6).  Vermiculite w a s  p re sen t  in all of the 
soils in th e  coarse  fract ion and in the  fine fract ion of th e  Gigger and Olivier. 
Interstratif ied clays w ere  identified in all of the soils by a broad peak 
b e tw e e n  17 and 27  A. Diffraction peaks  at  27  and 2 4  A corresponding  to 
illi te/smectite and illite/vermiculite interstratified clays,  respectively 
(S aw nhey  1989) ,  were  clearly identified in the  fine clay fract ion of the  
Reforma soil.
Clay composit ion  has  been  pointed out  as  a major factor  affect ing 
c rus t  formation,  especial ly the  p resence  of smect i t e  (Stern e t  al., 1991) .  
Sm ec t i t e  w a s  p resen t  in all of the  soils (Table 6); how ever ,  its relative 
quan ti ty  w a s  not  correlated to the  WDCI of eac h  soil. For example ,  the  
Reforma soil had a WDCI of 0 . 7 9  which w a s  similar to  th a t  in Sandovales,  
h o w ev e r  the  am oun t  of smect i t e  in Sandovales  w a s  approximate ly  one- 
third th a t  in the  Reforma.  There w a s  no correlation b e t w e e n  the  range of
Table 2 .6 . Clay mineral com position of soils of Mexico and Louisiana.
Soil Kaolinite lllite Vermiculite Smecti te Interstratified
UUdloU uldy
Gigger XXX XXX X XX X
Olivier XXX XXX X XX X
Coteau XXX XXX X XX X
Asogueros X x x x x X X X
Sandovales XXX XX X XX X
Reforma X XXX X XX X
r m e  uidy
Gigger XX XX X XXX X
Olivier XX XX X XXX X
Coteau XX XX - x x x x X
Asogueros X XX - XXX XX
Sandovales xxxx X - X X
Reforma X XXX - xxxx XX
Relative quantities: X X X X > 4 0 % ,  XXX 2 5 -4 0 % ,  XX 1 0 -2 5 % ,  X < 1 0 % .  
Estimates w ere  derived from relation peak areas  percentage .
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WDCI in soils of  Mexico and Louisiana and the  a m o u n t  of smect i t e ,  given 
th a t  sm ect i t e  w a s  p resen t  in similar quanti ties  in all of the  soils. T hese  
results s u g g e s t  tha t  o ther  chemical  characteri s t ics  are responsible for the  
di fferences in WDCI b e tw ee n  soils of  Mexico and Louisiana.
Pow der  X-ray diffraction
The minerals identified using pow der  X-ray diffraction are s h o w n  in 
Table 2 .7 .  Calcite w a s  de tec ted  in Asogueros  and Reforma soils while 
gypsum  w a s  p resen t  only in Sandovales.  These  results  cor respond  with 
the  chemica l  identification of calcite and gypsum  as  potential  cementing  
ag en t s .  Cristobalite w a s  de tec ted  in all of the  soils of  Mexico.  Quartz,  K- 
feldspar,  and  Na-rich plagioclase were  identified in all six soils. The  
cris tobalite  identified in the  soils of Mexico is the  m os t  apparen t  link to  the 
higher am o rp h o u s  Si co n ten ts  found in th e se  soils. Furthermore,  the  
solubility of  cr is tobalite is greater  than  quartz (Lindsay, 1979) ,  which 
would  al low it to  play a more  act ive role as  a cementing  a g en t  in the  soils 
of Mexico.
Summary  and  Conclusions
The  object ive of  this s tudy  w a s  to characterize the  physical , 
chemical ,  and mineralogical propert ies  of six soils of Mexico and Louisiana 
a s  related to  c rus t  formation.  The  con trast ing parent  materials  de te rmined 
the  soil tex tu re  in the  soils of Mexico and Louisiana. Although smect i t e
Table 2 .7 .  Minerals identified using pow der X-ray diffraction in soils of Mexico and
Louisiana.
Soils Quartz Oligoclase Orthoclase Calcite Gypsum Cristobalite
Gigger X X X - - -
Olivier X X X - - -
Coteau X X X - - -
A sogueros X X X X - X
Sandovales X X X - X X
Reforma X X X X - X
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w a s  a major c o m p o n en t  in all six soils, the higher WDCI in the  soils of 
Mexico (0 .79  to 0 .83) compared  to tha t  in the  soils of  Louisiana (0 .18  to 
0.5)  is at t r ibuted to  the  relatively higher SAR values of  the  soils of  Mexico.  
In th e  soils of Louisiana, the  higher WDCI of the  Gigger (0.5) with re spec t  
to  th a t  in the  Olivier and Coteau  (0.18 and 0 .2 1 ,  respectively),  is at t r ibuted 
to  its low OC c on ten t  (0 .27%).  The higher OC con ten t  in the  Olivier and 
Coteau  (1 .02  and 1 .1 9 % ,  respectively) is believed to  be responsible for a 
higher degree  of particle aggrega tion in th e s e  soils.
The differences  in parent  material be tw ee n  the  soils of  Mexico and 
Louisiana are believed to be responsible for the  cont rast ing a m o u n t  of  free 
Fe oxides and am orphous  Si and Al which could serve as  potential  
cem en t ing  a gen t s  in th e s e  soils. The free Fe oxide co n ten ts  w e re  higher in 
the  soils of  Louisiana (0 .19  to 0 .4 9 % )  than  in the  soils of  Mexico (0 .02  to 
0 .0 8 % ) .  Amorphous  Si and Al con ten ts  were  3 and 4  t imes higher in the 
soils of  Mexico than  in soils of Louisiana. Calcite w a s  p resen t  only in the 
A sogue ros  and Reforma,  3 .9  and 1 1 .4 %  respectively.  G ypsum w a s  only 
d e tec te d  in the  Sandovales  at  0 . 3 3 % .
Based on th e s e  results,  the  soils of Mexico have a grea ter  probability 
of developing d en s e  c rus ts  than  the soils of Louisiana. The am o u n t  and 
ty p e  of potential cementing  agen ts  were  related to the  co n t ra s t  in 
w ea the r ing  condit ions and parent  material existing b e tw e e n  the  arid north- 
central  part  of Mexico and the humid cl imate of Louisiana. Calcite, gypsum
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and  am orp h o u s  Si and Al may play an important  role in the  cem en ta t ion  of 
th e  soils of Mexico soils while free Fe oxides may be a potential  cementing  
a g e n t  in the  soils of Louisiana crusts .
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CHAPTER 3
MORPHOLOGICAL CHANGES DURING CRUST FORMATION 
IN SOILS OF MEXICO AND LOUISIANA
Introduction
The dispersion of  soil agg rega tes  by physical and or chemical  factors  
during soil c rus t  formation results in an al terat ion of the  soil su rface  
morphology.  Porosity,  bulk densi ty,  particle size distribution,  and particle 
orientat ion are reported as  the  morphological fea tures  of  su r face  soil mos t  
a f fec ted  during crus t  formation (Chen e t  al., 1980;  Onofiok and Singer, 
1984 ;  Gal e t  al., 1984;  Remley and Bradford, 1988;  and Bresson and 
Boiffin, 1990).
Crus t  formation occurs  as  a co n s e q u e n c e  of  dispersion of  the  
su r face  layer (McIntyre, 1958 ;  Morin e t  al., 1981;  and Stern et  al., 1991).  
The  use  of soil condit ioners  such  as gypsum,  p h osphogypsum ,  and organic 
polymers  has  been  te s t ed  in an a t tem p t  to stabilize soil ag g re g a te s  and 
p reven t  c rus t  formation (Gal e t  al., 1984 ,  Shainberg e t  al., 1989 ;  and Ben- 
Hur, e t  al., 1990) .  The use  of  vegetat ive covers  or organic mulches  has 
also been  repor ted as  an effect ive w ay  to prevent  soil dispersion c au s ed  by 
raindrop impact  (Wilson, 1982 ;  McVay e t  al., 1989;  and Bruce e t  al., 
1990) .  The  ef fec t iveness  of th e se  pract ices  has  been  evalua ted  in te rm s  
of  soil physical  param ete rs  such  as  infiltration (Morin and Benjamini, 1977;  
Miller, 1987 ;  and  Smith e t  al., 1990),  crus t  s t reng th  (Bradford, 1 9 8 2  and
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le Bissonnais ,  1989),  and seedling em ergence  (Goyal, 1981 and  Aujla et 
al., 1986) .
A gap  exists  in the unders tanding  of c rus t  formation in te rm s  of 
morphological ch a n g e s  a s  related to the use of different soil m a n a g e m e n t  
pract ices.  Another  gap which has  been left in invest igat ions address ing  
c rus t  formation is the identification of cementing  agen ts .  The  use  of the 
scann ing  electron microscope  (SEM) to  describe crus t  morphology has  been 
descr ibed  as  a more effect ive technique than  the  pe trographic microscope  
by Chen  e t  al. (1980) and Onofiok and Singer (1984).  One option to 
d e t e c t  the  p resence  and chemical  composit ion of cementing  a g e n t s  is the 
com bined  use  of SEM and XRF. These  combined te chn iques  have  been 
repor ted  as  one  of the  bes t  approaches  for obtaining the  qualitat ive 
chemica l  composi t ion of unknown materials (Sawhney ,  1986).
The object ives of this  s tudy  were:  i) to  identify c h a n g e s  in the  
morphology of  the  soil surface during crus t  formation and ii) to determine 
th e  elemental  composi t ion of cementing  agen ts  in the  c ru s t s  of  soils from 
Louisiana and Mexico using SEM/XRF.
Materials and Methods 
Soil series
The sur face  horizons from three  soils from Louisiana: Gigger (fine- 
silty, mixed,  Typic Fragiudalf), Olivier (fine-silty, mixed, thermic ,  Aquic
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Fragiudalf),  and Coteau  (fine-silty, mixed,  thermic,  Glossaquic  Hapludalf); 
and th ree  soils from the  north-central  part of Mexico: A sogue ros  (loamy, 
mixed, hypothermic,  Vertic Nadurargid), Sandovales  (loamy, mixed,  
hypothermic ,  Abruptic Aridic Durustoll), and Reforma (loamy, mixed,  
hypothermic ,  Lithic Calciorthid) w ere  used  in this  s tudy.
Soil preparation
Soil s am ples  were  collected from the  plow layer (0 to 2 0  cm) of  each  
soil, air dried, and sieved th rough a 2 mm sieve.  Soils w e re  packed  in 
w o o d e n  boxes  (30 x 3 0  x 7 cm).  The  bo t tom of th e  boxes  w ere  
per fora ted  and covered with a 1 cm layer of  coa rse  sand  to  improve soil 
drainage.  Dry soil w a s  uniformly packed into the  boxes  and  lightly agitated 
to  at tain reproducible bulk densi t ies .  The w ooden  boxes  w ere  posit ioned at  
a s lope  of  0 . 2 %  to  al low sur face  runoff during rainfall s imulation.
Bulk density
Bulk dens i ty  w a s  de te rmined for each  soil on uniformly packed 
boxes .  The volume and w eight  were  m easured  for each  soil and  a densi ty 
value calculated  (g/cm3).
Rainfall simulation
Soils w e re  placed under  a modified, rotat ing-disk rainfall s imulator  
descr ibed by Morin et  al. (1966).  The terminal veloci ty for d rops  with a 
medium diameter  of 2 .0  mm  w a s  6 .4  m/s,  using a relationship b e t w e e n  
terminal  veloci ty (m/s) and drop diameter  (mm) reported by Laws (1941).
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The rainfall intensity w a s  5 4  mm/h and the kinetic energy  w a s  2 6 . 9 7  J / m 2- 
mm, obta ined using the  method reported by Wischmeier  and Smith (1978) .  
A detailed descript ion of the  rainfall s imulator  can  be found in Appendix A. 
Prying period
Following the  rainfall simulation, soil drying w a s  ach ieved  by placing 
infrared light bulbs 100  cm  above  the  soil surface .  A diurnal e f fec t  w a s  
simulated by al ternat ing on-off periods of 12 hr for 7 days .
M a n a g e m e n t  p rac t ices
The m a n a g e m e n t  pract ices evaluated  were:  bare,  p ro tec ted  and 
g y p s u m  am ended  soils. The  pro tec ted soil w a s  covered  with a 2 -mm 
mesh .  In the  gypsum -am ended  soil an applicat ion co rresponding  to  5 
ton /ha  of gypsum  w a s  spread  on the  surface.  The a m o u n t  of g y p s u m  used 
w a s  based  on a recommendat ion  given by Ben-Hur e t  al. ( 1992) .
Sampling zone
Soil samples  (2.5 x 2 .5  cm) were  taken  from the  upper  2-cm of each  
simulated crus t  for SEM observa tions  and thin sec t ion  prepara t ions .
Sam ples  w ere  collected a t  tw o  s tag es  to provide ev idence  of  morphological 
c h a n g e s  occurring during c rus t  formation: 1) just  before runoff  s ta r ted  or 
ponding time,  and 2) at  the  end of the  drying period.
Thin sect ion  preparat ion
Thin sec t ions  were  prepared to obtain small sca le  obse rva t ions  of 
c h a n g e s  in the  soil su rface  caused  by raindrop impact.  Sur face  sam ples
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w ere  taken  a t  the  tw o  s t a g e s  of crus t  formation descr ibed above ,  air dried, 
and impregnated  with a mixture of Araldite resin and  hardening solut ion 
(7:1 ratio). The  impregnation of samples  w a s  performed under  a 3 0 0  w a t t  
light bulb in order to hea t  the  sample  to  60°C dec re a se d  the  viscosi ty of 
t h e  resin. After  the  sample w as  covered with resin, v a c u u m  w a s  applied to 
expel  air from the  soil sample  and to al low be t te r  impregnation.  Additional 
resin w a s  added  to  completely  cover the  impregnated sample.  V acuum 
w a s  applied after  each  addition of resin to  the  sample.
Cured samples  w ere  sliced using a diamond blade to obtain 1- to  2- 
cm  thick sec t ions  having a vertical orientation.  One side of the  sample  w a s  
then  polished and glued to  a glass slide. Samples  w ere  then  sliced again 
and mechanical ly ground to  obtain a 2-mm thick soil sect ion.  Manual  
grinding w a s  used to  obtain thin sect ions approximate ly 3 0  / /m in 
th ickness .  Finally, thin sec t ions  were  mechanically polished and th inned  to 
the  point  w h e re  polarized light passing th rough quartz grains tu rned  from 
black to  white.
Scanning  electron microscope and XRF analyses
Soil samples  w ere  coated  with carbon and gold. A Denton V accum  
DV-502A and  a Sputte r  coa te r  were  used to  coa t  th e  soil samples  with 
ca rbon  and  gold respectively.  A JEOL T-300  SEM w a s  used  in scann ing  
th e  morphological f ea tu res  of crus ts .  Chemical compos it ion of  cem ent ing  
a g e n t s  w a s  a s s e s s e d  by energy  dispersive XRF. Micrographs w e re  taken
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of f i laments bridging particles and coating features .  The  following criteria 
w e re  used  for interpreting mineral composit ion of cem ent ing  ag en t s :  i) the  
p re sence  of am orphous  Si w a s  a s sum ed  w hen  only Si w a s  d e t e c te d  in 
m a s s e s  having an am orphous  appea rance ,  ii) the  p resence  of free Fe 
oxides w a s  a s s u m ed  w hen  only Fe w a s  de tec ted ,  iii) calci te w a s  a s s u m e d  
to  be p resen t  w hen  only Ca w a s  de tec ted  (C or CO3 can  not  be d e t e c te d  
due  to  the  low energy  release during excitat ion), and iv) gyp su m  w a s  
a s s u m e d  to  be p resen t  w h e n  Ca and S coincided at  the  s a m e  point 
analyzed.
Discussion of Results
The  effec t  of m a n ag em e n t  pract ices on morphological  fea tu res  at  
tw o  s t a g e s  of c rus t  formation is presented  first. A d iscuss ion of  the  
elementa l  composit ion  of cementing  a gen t s  identified a s  bridging soil 
particles toge the r  in the  c rus t  follows. Because  of the  similarity in the  
morphological fea tures  p resen t  in the  crus t  of soils of Louisiana,  only the  
morphology of  the  Gigger c rus ts  will be descr ibed.  In the  soils of  Mexico,  
A sogue ros  and Reforma produced  quite similar soil c rus ts ,  bu t  th e y  w ere  
different  from th o s e  in the  Sandova les.  For this reason,  A sogue ros  and 
S andova les  soil c rus ts  will be d iscussed  in connec tion  with the  soils of 
Mexico. Bulk densi t ies  of  1 .30 ,  1.35,  1 .30 ,  1.25 ,  1.30 ,  and 1 .2 0  g /c m 3
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w e re  obta ined  for Gigger, Olivier, Coteau,  Asogueros,  Sandovales ,  and 
Reforma,  respectively.
Gigger soil crusts
During the  early s tag e  of c rus t  formation at  ponding t ime,  the  main 
morphological fea ture  of  the  Gigger bare soil w a s  a c ratered  o pitted 
su r face  (Figure 3.1) .  This surface al teration is an example  of  w h a t  h appens  
in th e  field, especial ly a t  the  beginning of  the  growing s e a s o n  w here  
unpro tec ted  soil is subjec t  to  direct raindrop impact .  Raindrops ac t  as  
small bom bs ,  splashing soil particles, and forming crater-like s t ruc tu res  
(Figure 3.1) .  Because  of the  continuous  surface al terat ion, the re  w a s  no 
accumula t ion  of fine particles in the  surface.  The  soil su r face  w a s  not 
c o m p a c te d ,  consequen t ly ,  porosity w a s  similar in both  the  su r face  and 
subsu r face .  No orientat ion of particles nor an upper  layer formed by clean 
grains w a s  differentiated a t  this s tage  in the  soil su r face  (Figure 3.2).
At the  final s tage  of  crus t  formation or end of the  drying period,  the  
soil su r face  did not  have the  uneven microtopography  obse rved  a t  ponding 
t ime (Figure 3.3) .  A co m p ac te d  0.1 mm thick layer, c o m p o se d  of clean 
grains of uniform size with a single grain s truc ture  and m ode ra te  particle 
orientat ion,  formed at  the  surface.  This layer w a s  the  major morphological  
fea tu re  obse rved  a t  the  end of the  drying period in co n t ra s t  with the  
morphology a t  ponding t ime.  The formation of  this layer in the  crus t  w a s  
repor ted  by Mclntere (1958) ,  Tarchitzky et  al. (1984),  and Onofiok and
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Figure 3 .1 .  Micrograph of a vertical thin sect ion with plain light showing  a 
c ratered  sur face  (A) caused  by raindrop impact  in the bare Gigger 
soil at  ponding time.
Figure 3 .2 .  An SEM micrograph,  vertical sect ion,  showing the
ho m o g e n eo u s  distribution of particles in the  surface (A) and 
subsu r face  (B) in the  bare Gigger soil at  ponding time.
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Singer (1984) .  This layer is believed to  result from the  con t inuous  beating 
of  raindrops on the  soil sur face  and the  removal of  clay-sized particles by 
runoff  or infiltration. In the  subsurface  (Figure 3.3) ,  clay-sized particles are 
more  a b u n d a n t  than  in the  upper layer. Because  of su r face  com pac t ion  
due  to  rainfall impact  and particle orientat ion,  macroporosi ty  in the  upper 
0.1 mm  layer is reduced,  com pared  to  the  large voids and m a c ropo re s  
p resen t  below this layer (Figure 3.3).
The  morphological fea tures  in the p ro tec ted  soil a t  ponding time 
reveal a flat, undisturbed soil surface (Figure 3.4) . Soil aggrega t ion  can  be 
obse rved  in the  sur face  and subsur face  layers. Large voids are apparen t  
be low the  0 .2 -m m  upper layer (Figure 3.5).
At the  end of  the drying period, the  pro tec ted  soil of  the  Gigger did 
not  develop a c o m p ac t  0 . 1 -mm upper layer com posed  of  s ingle-grain 
particles as  in the bare soil. The greater  soil erosion obse rved  in the  bare 
soil (172  g /m 2), com pared  to tha t  in the pro tec ted  soil ( 7 4 .1 7  g /m 2), (Table
3.1) ,  suppor ts  the  a rgum en t  tha t  the  com pac ted ,  single-grain particle layer 
in the  sur face  of the  bare soil formed as a result of raindrop impact  with 
th e  removal  of clay-sized particles by runoff (Figure 3.6) .  The a m o u n t  of 
clay-sized particles lost in runoff in the  bare Gigger soil w a s  3 4 %  (Table
3.2) .  Protect ion of  the  soil sur face  avoided removal  of clay-sized particles 
from the  surface by runoff. The  am oun t  of clay-sized particles lost in 
runoff  w a s  only 9% .  Instead, sealing of the  soil su r face  a p p e a r s  to  have
Figure 3 .3 .  An SEM micrograph, vertical sect ion,  showing a com p ac te d  
0.1 -mm surface  layer (A) formed of single, clean grains in the  bare 
Gigger soil a t  the end of the drying period.
Figure 3 .4 .  Micrograph of vertical thin sect ion with plain light, showing  a 
f lat-undisturbed soil surface  (A) in the pro tec ted  t rea tm en t  of the 
Gigger soil at  ponding time.
Table 3 .1 .  Effect of  m a n a g e m e n t  pract ices on soil eros ion  in soils of  
Mexico and Louisiana.
Soil
Series
Managem ent
Practices
Sed im ent
Loss
Gigger Bare
(g/m2)
1 7 2 . 3 4
Gypsum 1 0 5 . 0 0
Protected 7 4 . 1 7
Olivier Bare 1 7 4 . 4 4
Gypsum 1 1 3 .6 5
Protected 7 4 . 3 7
Coteau Bare 2 0 4 . 1 3
Gypsum 1 2 7 . 2 6
Protected 8 4 . 6 6
A sogue ros Bare 2 3 3 . 0 6
Gypsum 1 7 2 . 2 6
Protected 1 1 2 . 2 6
Sandova les Bare 3 7 6 . 8 2
Gypsum 2 2 3 . 3 8
Protected 1 2 3 .2 8
Reforma Bare 2 4 6 . 6 3
Gypsum 1 8 1 .9 7
Protected 1 4 6 .6 7
Figure 3 .5 .  An SEM micrograph,  vertical section,  showing  soil agg rega te s  
in the su rface  (A) of the protec ted Gigger soil at  ponding time.
100 um
Figure 3.6 .  An SEM micrograph,  vertical sect ion,  showing  the
ho m o g e n eo u s  particle size distribution in the sur face  (A) and 
subsur face  (B) in the  protected Gigger soil at  the  end of the  drying 
period.
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Table 3 .2 .  Particle size distribution of sed im en t loss in th e  soils of Mexico
and Louisiana.
Soil
Series
Surface
M anagem en t
Sand Silt Clay
Gigger Bare 1
------% ----------
65 3 4
Gypsum 1 68 31
Protected 2 89 9
Olivier Bare 4 81 15
Gypsum 6 81 13
Protected 6 9 2 2
Coteau Bare 2 92 6
Gypsum 3 91 6
Protected 1 96 3
A sogue ros Bare 5 65 3 0
Gypsum 3 69 28
Protected 3 67 20
Sandovales Bare 55 3 0 15
Gypsum 51 35 14
Protected 38 50 12
Reforma Bare 17 4 9 3 4
Gypsum 12 61 27
Protected 5 70 25
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occurred .  T hese  observa tions  s u g g e s t  tha t  chemical dispersion is 
impor tant  in the  crus t  formation of the  pro tec ted soil a s  the  soil su r face  
w a s  not  dispersed  by rainfall. Dispersion mos t  likely occurred  b e c a u s e  of 
chemica l  and mineralogical soil properties .
The morphology of  the  soil su rface  am ended  with gypsum  s h o w s  an 
increase  in aggregation at  ponding t ime (Figure 3.8) . This is at t r ibuted to 
th e  f locculat ing e f fec t  of Ca coming from the  dissolut ion of gypsum .  Even 
th o u g h  the  sur face  w a s  exposed  to the  beating act ion of raindrops, soil 
aggrega tion  occurred ,  reducing the disruptive e ffec t  of  raindrops.  As a 
result ,  the  sur face  in this soil does  not  s h o w  the  dispersion observed  in the 
p ro tec ted  soil (Figure 3.7) . Porosi ty and particle size are uniform in the 
upper  0 . 4  mm of the  crus t .  Aggregation w as  improved com pared  to  th a t  in 
the  bare  and pro tec ted  soils (Figure 3.8).
At the  end of the  drying period of the  gypsum -am ended  soil, a 
c o m p a c t  0.1 mm thick layer, com posed  of  clean grains of uniform size with 
a single grain s truc tu re  and modera te  particle orientat ion, w a s  formed 
(Figure 3.9) .  Below this w a s h e d  out  layer, clay-sized material coat ing large 
particles and forming agg rega te s  can be observed.  As d iscussed  above ,  it 
a p p ea r s  th a t  clay-sized particles in the  upper 0.1 mm layer of  the  
immediate  sur face,  w ere  di spersed by the beating act ion of raindrops and 
removed  by runoff (Figure 3.9) .  Erosion in this soil w a s  105 g /m 2 which is 
in termedia te be tw ee n  the  erosion observed  in the  bare and pro tec ted  soils
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Figure 3 .7 .  Micrograph of  a vertical thin sect ion with plain light, showing  
the  ef fect  of  raindrop impact in the  su rface  (A) of the  gypsum-  
am en d ed  t r ea tm e n t  of the  Gigger soil a t  ponding t ime.
Figure 3 .8 .  An SEM micrograph,  vertical sect ion,  showing  th e  aggrega tion  
ef fec t  (A) of  gypsum  in the  gypsum -am ended  t r e a tm e n t  of  the  
Gigger soil a t  ponding time.
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(Table 3.1) .  Clay-sized particles lost in runoff in the  gypsu m -am en d ed  soils 
w a s  3 %  (Table 3.2) .
A soque ros  soil c rus ts
The soil su r face  of the  Asogueros  soil w a s  strongly al tered by the  
beating ef fec t  of raindrops at  ponding t ime (Figure 3 .10) .  The soil su r face  
w a s  complete ly  sealed by clay-sized which w ere  coat ing  larger particles.  
Even th o u g h  this  soil had a coarser  tex tu re  than  th a t  in the  soils of 
Louisiana,  no clean sand  grains could be observed  as  d ispersed  clay-sized 
particles formed  a mass ive  structure .  Below the  upper 0.1 m m  layer, 
m acropo res  are more  a b u n d a n t  (Figure 3.11).
At the  end of the  drying period, the crus t  morphology w a s  very 
similar to th a t  described a t  ponding time. No clean grains w e re  obse rved  in 
th e  soil su r face  beca use  of  the  high dispersivity of this soil. The highly 
dispersive nature  of the  soils of Mexico, in general  is ref lected by their 
relatively high WDCI as  com pared  to those  of the  soils of Louisiana (Table
3.3) .
In the  p ro tec ted  A sogueros  soil, there  w a s  no al terat ion of the  soil 
su r face  by the  impact  of raindrops a t  ponding t ime (Figure 3 .12) .
Dispersed clay-sized material seal the  soil surface,  clogging soil pores .  No 
macropores  are p resen t  in the  upper 0.1 mm of the  crus t  (Figure 3 .13).  At 
th e  end  of  the  drying period,  clay-sized particles sealed the  su r face  (Figure 
3 .14) .  No clean grains are p resen t  in or below the  soil surface .  The
Table 3 .3 .  Water-dispersible clay index in the  soils of Mexico and 
Louisiana.
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Soil
Series
Water-dispersible clay index
Gigger 0 . 5 0
Olivier 0 . 1 8
Coteau 0.21
A sogueros 0 . 8 3
Sandovales 0 . 7 9
Reforma 0 . 7 9
Figure 3 .9 .  An SEM micrograph,  vertical sect ion,  showing  an upper 0.1 
mm layer surface  layer (A) formed of single, clean grains in the  
gypsum -am ended  Gigger soil at  the  end of the  drying period.
Figure 3 .10 .  Micrograph of  a vertical thin sect ion with plain light, showing  
a cratered  su rface  (A) caused  by raindrop impact  in the  bare 
Asogueros  soil at  ponding time.
Figure 3 .11 .  An SEM micrograph,  vertical section,  showing  a
h o m o g e n eo u s  particle-size distribution in the sur face  (A) and 
subsu r face  (B) in the  bare Asogueros  soil at  ponding time.
Figure 3 .1 2 .  Micrograph of  a vertical thin sect ion with plain light, showing 
an unaltered su rface  (A) in the protec ted A sogueros  soil at  ponding 
t ime.
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d ispersed  soil particles formed a massive s truc ture  (Figure 3 .14) .  As 
d i scussed  in the  pro tec ted  soil of the  Gigger soil, clay-sized particles 
accum ula ted  in the  soil surface.  This effec t  w a s  also reflected in erosion 
da ta  of  the  Asogueros  w he re  the  bare soil yielded a sed im en t  loss of 2 3 3  
g /m 2 com pared  to  only 113  g /m 2 in the protec ted soil.
The  soil su r face  of the  gypsum-am ended  Asogueros  soil w a s  al tered 
by the  beat ing  act ion of  raindrops a t  ponding time (Figure 3 .15 ) .  There is 
ev idence  in the  surface  and subsurface  of soil aggregation in the  gypsum- 
a m e n d e d  soil. Clay-sized coated  larger particles at  ponding t ime and a t  the 
end of  the  drying period. Porosi ty w as  higher in the  su b su r fa ce  than  in the 
s u r face  a t  both  s t a g e s  (Figure 3.16).
S andova le s  soil c rus ts
In the  Sandova les  bare soil, the su rface  w a s  al tered by the  impac t  of 
raindrops a t  ponding time (Figure 3 .17).  Clay-sized material filled soil pores 
in th e  su r face  and partially coa ted  large grains. The  p re sen ce  of  pores  in 
the  upper  0 .2 -m m  s u g g e s t s  tha t  the soil surface  w a s  not  c o m p a c te d  by 
raindrops  a t  this s t a g e  (Figure 3.18).
A c o m p a c t  layer w a s  formed in the  upper 0 .2  mm at  the  end  of the 
drying period in the  bare soil. The dominan t  particle size fract ion in this 
layer w e re  fine sand  and coa rse  and fine silt (as es t imated  from SEM 
micrograph).  Clay-sized material is more abundan t  in the  su b su r fa ce  and 
o ccu r s  in agg rega tes .  Porosi ty is higher in the  subsur face  than  in the  upper
66
Figure 3 .1 3 .  An SEM m icrograph, vertica l section, show ing  a
hom ogeneous partic le-size d is tr ibu tion  in the surface (A) and 
Subsurface  (B) in the  pro tected Asogueros soil at pond ing time.
Figure 3 .1 4 .  An SEM m icrograph, vertica l section, show ing  clay-size
partic les sealing the surface (A) in the pro tected A sogueros at the 
end o f  the d ry ing  period.
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Figure 3 .1 5 .  M icrograph  o f  a vertical thin section w ith  plain light, show ing  
ra indrop im pact (A) on the surface of the gypsum -am ended 
Asogueros soil at ponding time.
100 uml!F
Figure 3 .1 6 .  An SEM m icrograph, vertica l section, show ing  the
aggregation  e ffec t  in the surface (A) and subsurface (B) in the 
gypsum -am ended Asogueros soil at ponding t ime.
Figure 3 .1 7 .  M icrograph  o f  a vertical th in  section w ith  plain light, snow ing  
the ra indrop im pact on the soil surface (A) in the bare Sandovales 
soil at ponding t ime.
Figure 3 .1 8 .  An SEM m icrograph, vertica l section, show ing  clay-size 
partic les sealing the surface (A) in the bare Sandovales soil at 
pond ing t ime.
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layer, which w a s  apparently com pac ted  by the  impac t  of  raindrops on the  
su r face  (Figure 3 .19).
At ponding time in the  pro tec ted Sandovales  soil, no d is tu rbance  of 
the  soil su r face  by raindrops w a s  observed ,  similar to  the  bare soil (Figure 
3 .20) .  Clay-sized particles accumula ted  in the  soil surface,  clogging soil 
pores  and seal ing the  soil surface .  The soil su r face  w a s  not  c o m p ac te d ,  as  
a result porosity is similar in the  surface and subsu r face  (Figure 3 .21) .
At the  end of the drying period of the  Sandovales  pro tec ted  soil, 
d ispersed  clay-sized material can  be observed to co a t  large particles 
w i thou t  ev idence  of an upper layer of  clean grains.  Clay-sized particles are 
more conce n t ra te d  in the  crus t  a t  this s tage ,  com pared  to th a t  a t  ponding 
t ime,  further  clogging and sealing the  crust .  Porosi ty is reduced  in the  
upper  0 .2 -m m  layer com pared  to the subsur face  (Figure 3 .22) .  The  
accumula t ion  of  clay in the  immediate surface is again reflected in the  
erosion of this soil which w a s  reduced 6 7 %  com pared  to the  eros ion  in the 
bare soil.
In the  c a s e  of  the gypsum-am ended  Sandovales  soil, even  though  
the  inmediate soil surface  does  not s h o w  cratering,  close inspection reveals  
cra tering in the  subar face  zone tha t  has subsequen t ly  been buries by 
particles previously s u spe nded  by rainfall impact  (Figure 3 .23) .  Soil 
aggrega tion  w a s  improved in the  soil sur face  and subsur face  of  this  soil
Figure 3 .1 9 .  An SEM m icrograph, vert ica l section, sh ow ing  a com pacted  
0 .2 -m m  surface layer (A) in the bare Sandovales soil at the  end o f 
the  d ry ing  period.
Figure 3 .20 .  Micrograph of  vertical thin sect ion with plain light, showing
an undisturbed  soil su rface  in the pro tec ted  Sandovales  soil at  ponding
time.
Figure 3 .2 1 .  An SEM m icrograph, vertica l section, show ing  accum u la t ion  
o f  clay-size partic les in the surface (A) o f  the  pro tected  Sandovales 
soil at ponding t ime.
Figure 3 .2 2 .  An SEM micrograph,  vertical sect ion,  showing  a
h o m o g e n e o u s  distribution of clay-size particles in the sur face  (A) and
s u b su r fa ce  (B).
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(Figure 3 .24 ) ,  com pared  to  tha t  in the bare soil, and porosi ty w a s  similar in 
bo th  the  upper  0 .2 -m m  and subsurface .
At the  end of the  drying period of the  gypsum -am ended  soil, a 
c o n t ra s t  w a s  observed  b e tw ee n  this soil t r e a tm e n t  and the  s a m e  t r ea tm e n t  
in the  Gigger soil. The  soil sur face  w a s  not com p ac te d  a s  in the  Gigger 
and the re  w a s  no accumula t ion of clean grains at  the sur face  (Figure 3.24).  
Aggregat ion w a s  maintained in the  sur face  and subsurface .  Porosity is 
similar in the  immediate su rface  and subsur face  layers (Figure 3 .24).  
Cem ent ing  a g e n t s
Calcium and S w ere  de tec ted  by XRF as  the  only chemical  
c o m p o n e n t s  in bridges bonding soil particles in the  bare soil of the 
A sogue ros  soil (Figure 3 .25) .  The sharp Ca and S peaks  and  the  a b s e n c e  
of  Si and Al peaks  in the  XRF analysis (Figure 3 .27),  s u g g e s t s  the  p resence  
of  g y psum  as  a cementing  agent .  Gypsum bridges w ere  also d e tec te d  in 
the  pro tec ted  soil of this soil. Particles bridged by gypsum  did have Si and 
Al peaks ,  characteri s t ic  of aluminosil icate minerals (Figure 3 .28) .  In this 
soil, no g y psum  w a s  de tec ted  in the original soil by chemical  analysis  
indicating th a t  the  gypsum  bridges de tec ted  in the  c rus t  formed as  a result 
of  th e  accumula t ion of Ca and S 0 4 in the  c rus t  during evapora t ion.
G ypsum  w a s  also found as  a cementing  agen t  in the bare and  pro tec ted
soils of the  Reforma soil. As in the  Asogueros,  no gypsum  w a s  found in
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Figure 3 .2 3 .  M icrog raph  o f  a vert ica l th in  section  w ith  plain light, show ing  
ra indrop im pact on the  surface (A) in the  gypsum -am ended 
Sandovales soil at ponding time.
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Figure 3 .2 4 .  An SEM micrograph,  vertical sect ion,  showing  the
aggrega tion  effec t  (A) of gypsum in the gypsum -am ended  t r ea tm e n t
of  the  Sandovales  soil at  the end of the drying period.
74
th e  initial chemical analysis.  It is believed tha t  in both c a s e s  gypsum  
formed due  to  an increase in Ca and S 0 4 in the  crus t  during evapora t ion.
In the  bare soil of the  Sandova les ,  the  XRF analysis  de tec te d  
coa t ings  formed only of Fe (Figure 3 .29).  Soil grains w ere  covered  and 
bridged by Fe coat ings,  reducing soil porosity com pared  to  a reas  w ithout  
coa t ings  (Figure 3 .26).  The XRF analysis of soil particles in a reas  of the 
crus t  w i thou t  coat ings  revealed the  p resence  of Si and Al, with no Fe being 
d e t e c te d  (Figure 3.30).  The  p resence  of free Fe oxides a s  a cementing  
a g e n t  in the  Sandovales  w a s  anticipated beca use  of its acidic pH. In 
addit ion to  the  Fe bridges, gypsum w a s  also de tec ted  as  a cem ent ing  agen t  
in the  bare and protec ted  soils of this soil with a similar morphology  to 
t h o s e  already described in the A sogueros  soil. Native gyp su m  w a s  p resen t  
in the  initial soil analysis so  tha t  this cementing  agen t  w a s  d e tec te d  in 
a lmos t  all of  the  soil c rus t  samples  analyzed by SEM/XRF.
In the  bare soil of the  Reforma,  only a Si peak w a s  d e tec te d  by XRF 
analysis  in mass ive s truc tu res  coating soil particles (Figures 3.31 and 
3 .33 ) .  The a b s e n c e  of  any other  chemical el ement in the  XRF analysis  
s u g g e s t s  the  p resence  of am orphous  Si as  a cementing  agent .  Silica and 
Al w ere  de tec te d  by XRF analysis  in the soil particles sur rounding the  spo t  
with only Si (Figure 3.34).  To de tec t  Si w as  no easy  ta sk  b e c a u s e  clay­
sized soil particles were  usually coating or covering soil particles in the
Figure 3 .2 5 .  An SEM micrograph showing natural gypsum  (A) bridging soil 
particles (B) in the  bare Asogueros  soil.
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Figure 3 .2 6 .  An SEM micrograph showing coat ings  co m p o sed  of Fe (A) in
the  bare Sandova les  soil.
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Figure 3 .2 7 .  Sulfur and Ca peaks de tec ted  in the  A sogue ros  bare soil by 
XRF, indicate the p resence  of gypsum  as  a cem ent ing  a g e n t  in the 
crus t .
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Figure 3 .2 8 .  Aluminum and Si peaks de tec te d  by XRF in soil particles
bound by gypsum in the crus t  of the  A sogueros  bare  soil.
Figure 3 .2 9 .  Iron peak de tec ted  by XRF in the  Sandova les  bare soil,
s u g g e s t s  the p resence  of free Fe oxides as  a cem en t ing  a g e n t  in the 
crus t .
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Figure 3 .3 0 .  Aluminum and Si peaks de tec te d  by XRF in soil particles
coa ted  by free Fe oxides in the  crus t  of the  A so g u e ro s  bare soil.
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crus t ,  contamina ting  the  sample with Al and  Si peaks  from fine 
aluminosil icates and clay-sized soil particles.
In th e  c a s e  of the  soils of Louisiana soils, calcite w a s  obse rved  in the  
bare soil of the  Gigger soil, coat ing and bridging soil particles in the  c rus t  
(Figure 3 .32 ) .  P resence  of  calcite w a s  recognized w h e n  the  XRF analysis  
d e t e c te d  only a Ca peak without  any other  elemen t (Figure 3 .35) .  Discrete 
particles of  Si and Al w e re  also identified p resen t  in the  XRF analysis  of the 
c ru s t  (Figure 3.36).  The p resence  of Ca, however ,  w a s  d e tec te d  only in 
small a r ea s  of the  crus t  su r face  (Figure 3.32) .
In the  bare soil of the  Olivier, only Fe w a s  d e tec te d  as  the  chemical  
c o m p o n e n t  in fi laments bridging soil particles in the  bare soil (Figures 3 .3 7  
and  3 .39 ) .  Silica and Al w ere  de tec ted  by XRF w here  th e s e  f ilaments 
joined to  soil particles (Figure 3.40).  In the  bare soil of the  Coteau ,  Si w as  
d e t e c te d  by XRF analysis  a s  the  chemical c o m p o n en t  of  a f ilament bridging 
soil particles (Figures 3 .3 8  and 3 .41).  Silica and Al w ere  p resen t  in 
particles joined by this f ilament (Figure 3.42),  while only Si w a s  p resen t  in 
the  f ilament. T hese  bridges are s u spe c ted  of being due  to the  fibrous 
g row th  habit  no t  being characteri s t ic  of a crystal line phase .
S um m ary  and  Conclusions
The  object ives in this  s tudy  were  i) to  identify c h a n g e s  in the  
morphology of  the  soil su r face  during crus t  formation and  ii) to  determine
Figure 3 .3 1 .  An SEM m icrograph show ing  massive coatings o f Si (A) in 
the  bare Reforma soil.
Figure 3 .3 2 .  An SEM micrograph showing calcite coating (A) soil particles
in the  bare Gigger soil.
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Figure 3 .3 3 .  Siiice peak de tec ted  in the  Reforma bare soil, s u g g e s t s  the  
p resence  of am orphous  Si as  a cementing agen t  in the  crus t .
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Figure 3 .3 4 .  Aluminum and Si peaks  de tec ted  by XRF in soil particles
coa ted  by am orphous  Si in the crus t  of the Reforma soil.
1 3 5 7
81
Au
L ■ V *  U -*■* nV  ■*-»>
Figure 3 .3 5 .  Calcium de tec ted  by XRF in the  Gigger bare  soil, s u g g e s t s  the 
p r e s en ce  of calcite as  a cementing  agen t  in the  c rus t .
Figure 3 .3 6 .  Aluminum and Si peaks de tec ted  by XRF in soil particles
cao ted  by calcite in the crus t  of the Gigger bare soil.
Figure 3 .3 7 .  An SEM m icrograph show ing  f i laments com posed o f he (A) 
br idging partic les (B) in the bare Olivier soil.
Figure 3 .38 .  An SEM micrograph showing a f ilament com posed  of Si (A)
bridging particles (B) in the bare tr ea tm en t  of the Coteau  soil.
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Figure 3 .3 9 .  Iron peak de tec te d  by XRF in the  Olivier ba re  soil, s u g g e s t s  
the  p resence  of  free Fe oxides a s  a cem ent ing  agen t .
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Figure 3 .40 .  Aluminum and Si peaks  d e tec te d  by XRF in soil particles
bound  by free-oxide bridges in th e  crus t  of th e  Olivier ba re  soil.
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Figure 3 .4 1 .  Silice peak de tec ted  by XRF in the Coteau  bare  soil, s u g g e s t s  
the  p resence  of am orphous  Si as  a cementing  a g en t  in the  crus t .
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Figure 3 .4 2 .  Aluminum and Si peaks  de tec ted  by XRF in soil part icles
bound by am orphous  Si in the crus t  of the  Coteau  soil.
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t he  elemental  composit ion  of cementing a gen t s  in the  crus t .  The  soil 
su r face  w a s  not  al tered in ei ther  the  soils of Mexico or Louisiana w h e n  it 
w a s  p ro tec ted  from the  direct impact  of raindrops.  The  p resence  of  a 
co m p a c te d ,  0 . 1 -mm upper  layer, consisting of single clean grains w a s  the  
major morphological  feature observed  at  the  end of the  drying period in the 
bare and gypsum -am ended  Louisiana soils. In cont ra s t ,  the  high 
dispersivi ty of the  Asogueros  and Reforma contr ibuted to  seal the  soil 
su r face  and to  form a mass ive s truc ture in all of their t r e a tm e n ts .  A 
c o m p a c te d  0 .2 -m m  upper  layer of clean silt grains underlain by a 
h o m o g e n e o u s  mmixture of  sand,  silt, and clay, w a s  the  major 
morphological feature in the  bare Sandovales  soil. An im provement in 
aggrega tion  w a s  observed  in this soil for the gypsum -am ended  soil. 
Accumula t ion of clay-sized material in the  su rface  layer w ithou t  a co m p ac t  
upper  layer consist ing of single, clean grains,  w a s  observed  in the 
p ro tec ted  soils of all six soils. Soil erosion in the soils of  Mexico w a s  
reduced  5 2 %  and  3 2 %  in the  pro tec ted  and gypsum -am ended  soils, 
respectively,  com pared  to  the  erosion in the  bare soils. Soil erosion in the 
soils of Louisiana dec reased  6 0 %  and 3 9 %  in the  p ro tec ted  and  gypsum- 
a m e n d e d  soils, respectively,  compared  to  the  erosion in the  bare soils. The 
p re s e n c e  of  calcite w a s  identified in the  SEM micrograph of the  Coteau  
c rus t  by XRF. Iron bridges be tw ee n  particles were  de tec te d  in the  c rus t  of 
the  Olivier. Silica w a s  de tec te d  as f ilaments be tw een  particles in the  crus t
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of Gigger.  G ypsum w a s  observed  bridging particles in the  non-gypsum-  
am e n d e d  Reforma and A sogueros  soils. Massive coat ings  of  Si and calcite 
w e re  obse rved  in the Reforma.  In addition to pedogenic  gypsum,  mass ive  
Fe coa t ings  w e re  de tec te d  in the  Sandovales  crust.
As previously s ta t ed  the purpose of this work  w a s  to  identify 
m e ch an is m s  and pa th w ay s  of c rus t  formation by studying c rus t  formation. 
In the  pro tec ted  soils, the  kinetic energy  of raindrops w a s  reduced  w hen  
the  soil su r face  w a s  pro tec ted.  This protect ion preven ted a g g reg a te  
dispersion,  particle suspension ,  and particle segregat ion at  the  soil surface.  
This interpretat ion is based  on a general  crus t  morphology consis t ing  of an 
undis tu rbed  sur face  and a soil matrix dominated by a h o m o g e n e o u s  
particle-size distribution.
A ggrega te s  in the  soil sur face  were  des troyed  by raindrop impact  in 
unpro tec ted ,  non-ca lcareous  soils. Dispersed clay w a s  ei ther  lost th rough 
runoff  or  t ranspor ted  to underlying depths.  Consequently ,  an upper  0.1 to 
0 . 2  mm  layer formed of clean silt grains underlain by a porous ,  
h o m o g e n e o u s  mixture of sand,  silt, and clay.
The definitive morphology of the  ca lcareous ,  unpro tec ted  soils is a 
n o n s eg reg a ted ,  d ispersed,  mass ive sys tem.  There is no layer of  clean silt 
grains a t  th e  surface.  It is s u sp e c ted  tha t  a very rapid reduct ion  in 
infiltration rate (d iscussed in Chapter  5) occurred due  to  chemical  
dispersion.  This sealing effec t  then  promoted continual  runoff  and erosion
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of the  d ispersed  sys tem.  The only morphological r em nan t  is th e  massive,  
d ispersed  sealing layer.
The morphology of material cementing particles to g e th e r  occurred  in 
t w o  forms.  Bridges b e tw ee n  particles cons is ted  of am orp h o u s  Si, Fe 
oxides ,  and gypsum.  Massive coat ings cementing  particles toge the r  
cons is ted  of am orphous  Si, Fe oxides,  and calcite.
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CHAPTER 4
GEOCHEMISTRY OF CEMENTING AGENTS IN CRUSTS 
FROM SOILS OF MEXICO AND LOUISIANA
Introduction
Crystallization of inorganic cem enting agen ts  can  be accompli shed  
w h e n  the  act ivities of  ions meet  or exceed  the  solubility of  a given mineral. 
W hen  ion activities are below the  equilibrium point or undersa tu ra ted ,  the 
crystal lization of a given mineral is not possible (Lindsay, 1979 ;  Rai and 
Kittrick, 1989).
Soil solution composit ion depends  on the  moderat ion of ions by the  
soil (dissolution, exchange ,  desorption,  etc),  addit ions by ei ther  w a te r  or 
wind ,  or both,  and translocation of solut ions from above  and be low the  soil 
profile. In the  c a s e  of c rus t  formation, t ranslocation of ions from the  
subsoil  to  the  soil surface by evaporat ion  is an important  p rocess  tha t  
co n c e n t ra te s  the  soil solution. This ion concentra t ion  by sur face  
evapora t ion  may be one  of  the mechan isms  responsible for cem ent ing  soil 
particles in the  crus t  during hot,  dry periods immediately following intense 
rainfall.
Calcite, gypsum, and am orphous  Al and Si are reported to  be the  
m o s t  probable cementing  agen ts  in soils from the  north-central  part  of 
Mexico (Detenal, 1971;  Lupercio, 1986).  Iron oxides,  and  am orp h o u s  Al
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and Si are the  m os t  probable cementing  agen ts  in loess soils of  Louisiana 
(Bawer,  1990).
The  object ives of this  s tudy  were:  i) to  identify th e  cem ent ing  
a g e n t s  p resen t  in loessial soils of Louisiana and  soils from the  north-central  
part of Mexico,  ii) to a s s e s s  the  distribution of such  cem ent ing  a g e n t s  in 
the  c rus t  and subsurface ,  iii) to determine  the  effec t  of  different  
m a n a g e m e n t  pract ices  on the  cementa t ion  p rocess  during the  soil c rus t  
formation,  and iv) to determine possible solubility relationships b e tw ee n  
gyp su m  and calcite th a t  may affec t  su rface  crust ing depending  on specific 
m a n a g e m e n t  pract ices.
Materials and Methods 
Soil series
The surface  horizons of  three  soils from Louisiana and th ree  soils 
f rom the  north-central  part  of Mexico w ere  used  in this  s tudy .  Soils from 
Louisiana were:  Gigger (fine-silty, mixed, thermic,  Typic Fragiudalf), Olivier 
(fine-silty, mixed,  thermic,  Aquic Fragiudalf), and Coteau  (fine-silty, mixed 
thermic ,  Glossaquic Hapludalf). Soils from Mexico were:  A sogue ros  
(loamy, mixed,  hypothermic,  Vertic Nadurargid), Sandova les  (loamy, mixed,  
hypothermic ,  Aridic Durustoll), and Reforma (loamy, mixed, hypothermic ,  
Lithic Calciorthid).
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Soil preparat ion
Soil samples  were  collected from the  plow layer (0 to  2 0  cm),  air 
dried,  and sieved th rough a 2 mm sieve.  Soils w ere  packed in w o o d e n  
b oxes  (30 x 3 0  x 7 cm). The bottom of the  boxes  w ere  perforated and 
covered  with a 1 cm layer of coarse  sand  to improve soil drainage.  Dry soil 
w a s  uniformly packed  into the  boxes  and lightly ag itated to  at tain 
reproducible bulk densit ies .  The w ooden  boxes  w ere  posit ioned a t  a s lope 
of  0 . 2 %  slope to allow surface  runoff during rainfall simulation.
Rainfall simulation
Soils were  placed under a modified, rotat ing-disk rainfall s imulator  
descr ibed  by Morin et  al, (1966).  The terminal velocity for drops  with a 
medium diameter  of 2 .0  mm w as  6 .4  m/s,  using a relationship b e tw ee n  
terminal  velocity (m/s) and drop diameter  (mm) reported by Laws (1941).  
The rainfall intensity w a s  5 4  mm/h and the  kinetic energy  w a s  2 6 . 9 7  J / m 2- 
mm, obta ined  using the  method  reported by Wischmeier  and Smith (1978).  
A detai led descript ion of the  rainfall s imulator  can  be found in Appendix A. 
Drying period
Following the  rainfall simulation, soil drying w a s  ach ieved  by placing 
infrared light bulbs 100  cm  above  the  soil surface.  A diurnal e f fec t  w a s  
simulated by al ternat ing on-off periods of 12 hr for 7 days .
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Management practices
The  m a n a g e m e n t  pract ices  evaluated were:  i) bare,  ii) gypsum- 
am en d ed ,  and iii) pro tec ted .  In the  protec ted soil, a 2-mm mesh  sc reen  
w a s  s e t  3 cm  above  the  soil sur face  to  simulate a vegeta t ive  cover.  In the 
g yp su m  a m e n d e d  soil, an applicat ion rate corresponding to  5 ton /ha  of 
gyp su m  w a s  spread  on the  surface.  The am oun t  of gypsum  used  w a s  
based  on na recom mendat ion  given by Ben-Hur et  al. (1992).
Sampling zone
Soil samples  from the  crus t  and subsur face  w ere  taken  for chemical  
and mineralogical ana lyses .  The crus t  samples  were  taken  from the  upper 
0 .5  cm  and the  subsu r face  samples  from a 0 .5  cm thick zone  a t  a dep th  of 
3 . 0  cm.
Experimental design
A split plot with randomized block design with tw o  replicat ions w a s  
employed .  The m a n a g e m e n t  pract ices  w ere  placed in the  whole  plot and 
sampling zone  w a s  a fixed factor  in the  subplot .  Ana lyses  of  var iance and 
m e an s  separa t ion  t e s t s  w ere  performed using the  Stat is tical Analyses  
Program (SAS Institute,  Cary,  North Carolina, USA, 1993).
Chemical analysis
G ypsum  w a s  quanti tat ively determined by the  electrical conductivi ty 
m e thod  descr ibed  by the  U. S. Salinity Lab. Staff  (1969) .
9 4
The C a C 0 3 equivalent  w a s  determined by acid neutralizat ion using 
the  method  described by the  U. S. Salinity Lab. Staff  (1969).
A m orphous  Si and Al were  es t imated  using hot  1 .0  M NaOH as  
descr ibed  by Alexiades and Jack s o n  (1967).
Free Fe oxides w ere  determined by the  di thionite-ci trate-bicarbonate 
me thod  descr ibed by Mehra and J a c k s o n  (1960).
Sa tu ra ted  p as te s  w ere  equilibrated for 2 4  hours.  The  ex t rac t  w a s  
obta ined  using Buechner funnels  and vacuum  as described by the  U. S. 
Salinity Lab. Staff  (1969).  Soil reaction w a s  m easured  in th e  sa tu ra ted  
p as te  using an Orion EA 9 4 0  microprocessor control led pH/ISE unit 
following the  method described by the Soil Survey Staff  (1984) .  Soluble 
Ca,  Mg, K, and Na w ere  de termined in the  sa tu ra ted  pas te  ex t rac ts  using 
inductively coupled  p lasma spec trom etry  (ICP). The anions  S 0 4, Cl, and 
N 0 3 w ere  determined by ion chromatography.  The  H C 0 3 c o n t e n t  w a s  
calcula ted a s  the  anion deficit be tw een  the cat ions and anions.  The 
electrical conduct ivi ty  of the  sa tu ra ted  ex t rac t  w a s  obta ined  using a YSI 
model  3 5  conduct ivi ty  meter .
Random -pow der  d iff rac toarams
Identification of soil minerals by X-ray dif frac tograms w a s  m a de  on a 
Philips diffrac tometer .  Samples  from bulk soils w ere  finely ground  and 
uniformly packed in a dry-powder  sample holder. Samples  w e re  run from
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2° to  50° 2 0  using 4 0  KV and 25 ma. Caution w a s  used to  avoid 
orientat ion of  particles by pressure ef fect s  during the  packing procedure.  
Simulation of solution-mineral equilibrium using GEOCHEM
The multi-purpose chemical speciat ion program, GEOCHEM, 
deve loped  by Sposito and Matt igod (1979) w a s  used to  obtain ion 
act ivit ies and  simulate the  precipitation and dissolution of  gyp su m  and 
C a C 0 3. Inputs to  this program included: i) total molar  concen t ra t ions  of 
Ca, Na, Mg, K, Cl, S 0 4, N 0 3, and pH from the sa tu ra ted  pas te  ex t rac ts ,  
and ii) a s s u m e d  C 0 2 partial p ressures  of  10 '3 52 and 1 0 ‘2 52 atm, with 10 '3 52 
a tm  represent ing atmospher ic  condit ions and 10 '2 52 a tm  represen ting a 
higher C 0 2 level expec ted  in subsurface  envi ronments  of  the  soil.
A problem could arise when  using the  w a te r  c o n ten t  of a sa tu ra ted  
p as te  to represen t  equilibrium condit ions in the  drying env i ronm ent of  a soil 
c rus t .  Cementing agen ts  present  in minor am oun ts  in the  c rus t  could be 
complete ly  dissolved at  the  wate r  con ten t  of a s a tu ra ted  pas te .  On the 
o the r  hand,  the  undersa tu ra ted  condition might shift to  one  of 
supersa tu ra t ion  and precision as concent rat ion of  the  soil solution occurs  
during drying.  An al ternative to this explanation of undersa tu ra t ion  could 
be th a t  dissolution of s o m e  minerals by the  sa tu ra ted  pas te  may be 
kinetically limited. This lack of equilibrium s u g g e s t  tha t  a 2 4  hour 
equilibrium w a s  not  long enough  to establish equilibrium condit ions.
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To reverse the  dilution or kinetic-limitation effect ,  solut ion 
concen t ra t ions  of  ions w ere  concen t ra ted ,  using the  sa tu ra ted  pas te  a s  a 
1 0 0 %  sa tu ra ted  condit ion.  A proportional accumula t ion  of ions in the  
c rus t  w a s  a s s u m e d  as  the  soil moisture w a s  dec re ase d .  To illustrate, a 
concentra t ion  of 25  ppm Ca in the  sa tu ra ted  pas te  would be doubled to  50  
ppm Ca in a s imulation for solution conditions a t  5 0 %  saturat ion.  The 
levels of  soil moisture used  were:  100,  90,  80 ,  70 ,  60 ,  50,  25 ,  12 .5 ,  and 
6 . 2 5 % .  The pH w a s  calculated by GEOCHEM for each  soil moisture 
con ten t ,  a s  it would not  be possible to m easure  by conventiona l  m e thods  
a t  th e s e  low soil moisture con ten ts .
Discussion of Results
Identifying cementing  agen t s  in soil c rus ts  and the  p ro c e s s e s  by 
which they  form is necessa ry  to unders tand  crus t  formation.  Discovering 
the  origin of cementing  ag en t s  is an important key to  formulat ing viable 
so lut ions to  the  crus t  formation problem.
Free Fe oxides and  am orphous  Al and Si
The  effec t  of m a n ag em e n t  pract ices (bare, g ypsum -am ended ,  and 
pro tec ted  soils) on the  accumula t ion of free Fe ox ides or am orp h o u s  Si and 
Al, indicted no stat ist ical  difference ( p > 0 . 0 5 )  b e tw e e n  the  c rus t  and 
subsu r face  in any  of the  soils (Tables 4.1 and 4.2) .  However ,  th e  soils of 
Louisiana had approximate ly tw ice the  free Fe oxides co n te n t  of  th e  soils of
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Table 4 .1 .  Potential cementing  agen ts  p resen t  in the  c rus t  and subsoil in 
the  soils of  Louisiana.
Soil
Series
Management
Practices
Sampling
Zone
Fe20 3 AI2O3 S i02 CaS04-
2H20
C aC 03
%
Gigger Bare Crust 0 .4 0 a t 0 .63a 1.22a 0 .0 0 b 0 .0 0 b
Subsurface 0.49a 0.63a 1.21a 0 .0 0 b 0 .0 0 b
Gypsum Crust 0.60a 0.30a 1.06a 5.95a 1.37a
Subsurface 0.71a 0.31a 1.22a 0 .00 b 0 .0 0 b
Protected Crust 0.46a 0.76a 1.36a 0 .00 b 0 .00 b
Subsurface 0.46a 0 .83a 1.46a 0 .00 b 0 .00 b
Olivier Bare Crust 0 .43a 0 .41a 1.21a 0 .00 b 0 .00 b
Subsurface 0.43a 0 .44a 1.29a 0 .00 b 0 .00 b
Gypsum Crust 0.36a 0 .32a 1.25a 5.34a 0.40a
Subsurface 0.42a 0 .42a 1.35a 0 .0 0 b 0 .00b
Protected Crust 0.48a 0 .42a 1.25a 0 .0 0 b 0 .00 b
Subsurface 0.50a 0.39a 1.24a 0 .00b 0 .00b
Coteau Bare Crust 0 .24a 0 .43a 1.35a 0 .00 b 0 .0 0 b
Subsurface 0.24a 0 .53a 1.55a 0 .00 b 0 .00 b
Gypsum Crust 0 .31a 0 .37a 1.34a 5.32a 2.92a
Subsurface 0.33a 0 .37a 1.37a 0 .00b 1.48a
Protected Crust 0.26a 0 .46a 1.35a 0 .0 0 b 0 .00b
Subsurface 0.25a 0 .42a 1.39a 0 .0 0 b 0 .00 b
t M eans followed by the  sam e  letter are not significantly
different a t the  0 .0 5  level of probability accord ing  to  th e  LSD
te s t .
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Table 4 .2 .  Potential cementing  agen t s  p resen t  in the  c rus t  and  subsu r face  
in the  soils of Mexico.
Soil
Series
Management
Practices
Sampling
Zone
Fe20 3 a i2o 3 Si02 C aS04
•2H20
CaC03
%
Asogueros Bare Crust 0 .2 4 a t 1.28a 4.96a 1.72b 5.06a
Subsurface 0.27a 1.24a 5.00a 0 .53c 4.81a
Gypsum Crust 0 .23a 1.12a 4.95a 6.47a 4.02a
Subsurface 0.26a 1.23a 5.31a 0 .45c 4.36a
Protected Crust 0 .27a 1.00a 4.24a 1.55b 4.23a
Subsurface 0.28a 1. 11a 4.90a 0 .30c 3.98a
Sandovales Bare Crust 0.27a 1.26a 5.56a 1.37b 1.77a
Subsurface 0.28a 1.20a 5.39a 0 .58c 0.98a
Gypsum Crust 0.23a 0 .93a 5.00a 5.31a 2 .22a
Subsurface 0.23a 1.26a 5.50a 0 .56c 0.87a
Protected Crust 0.26a 1. 11a 4 .92a 2 .05b 1.72a
Subsurface 0.27a 1.29a 5.82a 0 .34c 0.39a
Reforma Bare Crust 0.24a 0 .90a 4.65a 4 .99a 9.65a
Subsurface 0.26a 0 .89a 4.78a 0 .50b 9.33a
Gypsum Crust 0.18a 1.19a 5.62a 8.33a 1 1.38a
Subsurface 0.18a 1.50a 6.79a 0 .93b 11.41a
Protected Crust 0 .22a 0 .88a 5.28a 6 .01a 9.19a
Subsurface 0.26a 1.02a 5.26a 0 .37b 9.29a
t  M eans followed by th e  sam e  letter are not significantly
different a t the  0 .0 5  level of probability accord ing  to  th e  LSD
te s t .
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Mexico.  A morphous  Si w a s  approximately 2 t imes higher and Al 
approximate ly  4  t imes higher in the  soils of Mexico com pared  to  th e  soils 
of  Louisiana.
Free Fe oxides and am orphous  Al con ten ts  in the  c ru s t s  w e re  similar 
to  th o s e  in the  subsu r face  samples  as  th e se  e lements  have  a low mobility 
once  th e y  precipi tate as  hydroxides or oxyhydroxides  (Bohn e t  al, 1985).  
The  low solubility of  Fe and Al oxyhydroxides ,  com pared  to th a t  of  
gypsum ,  calci te and even  Si, apparently  al lows them  to remain unaltered in 
the  soil rather  than  being solubilized and tr anspor ted  in solut ion to  the  soil 
su r face  during evaporat ion .
In the  c a s e  of Si, w h o s e  mobility should be higher than  th a t  of Fe 
and Al under  the  condit ions invest igated,  the  NaOH ex t rac t  may not  have 
been  sensi t ive enough  to de tec t  t race  am oun ts  tha t  may have moved in 
solution to w a rd s  the  soil su r face  and played an effect ive role in the  crus t  
cem en ta t ion .
Gypsum
The ana lyses  of variance  of gypsum  revealed a significant ( p < 0 . 0 5 )  
m a n a g e m e n t  pract ice x sampling zone interact ion ef fec t  in all of  th e  soils 
(Tables 4.1 and 4.2) .  In the  c a s e  of soils of  Louisiana, g y p s u m  w a s  found 
only in the  c ru s t s  of the  gypsum -am ended  soil as  a result of th e  gypsum  
a m e n d m e n t  added  in this soil. However ,  in the  soils of Mexico,  pedogen ic 
gyp su m  w a s  precipi tated not  only in the  crus t  of the  g ypsum -am ended  soil,
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but also in th e  c rus t  and subsur face  of the  bare and pro tec ted  soils. The  
h ighest  increase  of pedogenic  gypsum w a s  6 .0 %  in the  c rus t  of the  bare 
Reforma soil w here  no gypsum w a s  de tec ted  in the  initial soil.
The higher precipitation of  pedogenic gypsum  in the  c rus t  than  in the 
s u b su r fa ce  suppor t s  the  a rgum en t  tha t  Ca and S 0 4 are t ranspor ted  in 
solution to w a rd s  the  soil sur face  during evapotranspira t ion.  The  lesser  
a m o u n ts  of gypsum  in the  subsur face  of the soils of Mexico s u g g e s t s  a 
gradual  increase in the  am oun t  of Ca and S 0 4 t ranspor ted  by capillary rise 
from the  subsu r fa ce  to  the  soil sur face  during evapora t ion.
Calcium ca rb o n a te s
The  analyses  of variance of C a C 0 3 indicated a s ignif icant ( p < 0 . 0 5 )  
m a n a g e m e n t  pract ice x sampling zone interact ion ef fec t  only in soils of 
Louisiana (Tables 4.1 and 4.2) .  Precipitation of C a C 0 3, how ever ,  did occur  
only in the  c rus ts  of  the  Gigger and Olivier and in the  crus t  and subsur face  
of  th e  Coteau  in the  gypsum -am ended  soil. Considering th a t  no C a C 0 3 
w a s  d e tec te d  in the  initial soil properties in the  soils of Louisiana, the  
h ighest  increase in C a C 0 3 w as  de tec ted  in the  crus t  of  the  Coteau  at  
2 . 9 2 % .  In the  soils of Mexico, the  A sogueros  and Reforma did not  have 
an increase in the  am oun t  of C a C 0 3 presen t  in the  c rus t  and subsur face .  
Sandova les  with no C a C 0 3 in the  initial soil analysis,  indicated precipitation 
of C a C 0 3 in the  c rus t  and subsur face  in all of the  soil t rea tm e n ts .  The
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h ighes t  increase  w a s  d e tec te d  in the  c rus t  of  the  g y p s u m -am en d ed  soil at 
2 .2 2 %.
Precipi tat ion of C a C 0 3 in the  Louisiana and Sandova les  soils in the 
g y psum -am ended  soil w a s  caused  by an obvious concen tra t ion  of Ca in the 
crus t ,  coming from the dissolution of  gypsum added  to  the  surface .  In 
c on t ra s t ,  precipitation of C a C 0 3 in the  bare and pro tec ted  soils of the 
S andova les  soil w a s  due  to  an accumulat ion of Ca in the  crus t ,  originating 
from th e  dissolut ion of gypsum  initially p resen t  in th e  soil. A more  detailed 
d iscuss ion  address ing  precipitation of gypsum  and C a C 0 3 will be presen ted  
later in this chap ter .
Powder X-rav analysis
P ow der  XRD analysis  w a s  performed on the  soil c ru s t  and 
su b su r fa ce  samples  to confirm the minor am oun ts  of cem en t ing  a gen t s  
found by chemical m eans  w ere  accura te  and the  mineral form actually 
p resen t .  G ypsum and calcite w ere  the  only cementing  a g e n t s  identified by 
XRD. T hese  tw o  minerals w ere  p resen t  in the  c rus ts  of  the  Gigger,
Coteau ,  and each  of the  soils from Mexico am ended  with gyp su m  (Tables 
4 .3 ,  4 .4 ,  4 .5 ,  and 4.6) .  Pedogenic  gypsum and calcite w e re  d e t e c te d  in 
the  c ru s t s  of  all t r ea tm e n ts  of the  soils of Mexico.  Calcite with no gypsum  
w a s  d e tec te d  in the  subsu r face  of Coteau,  Asogueros ,  and Reforma.
T hese  results confirm the  p resence  of gypsum  and calci te in almost  
all of  th e  soil t r ea tm en ts  w he re  th e se  minerals w ere  de tec te d  by chemical
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Table 4 .3 .  Calcite es tim ates  using th ree  m e thods  in th e  soils of Louisiana.
Soil
Series
Treatment Sampling
Zone
Chemical
■Calcite Estimates—
XRD GEOCHEM
<%) (%>
Gigger Bare Crust ND NDt 0 .02
Subsurface ND ND 0.02
Initial ND ND
Gypsum Crust 1.4 Present 0.1
Subsurface ND ND 0.1
Initial ND ND
Protected Crust ND ND 0.02
Subsurface ND ND 0.02
Initial ND ND
Olivier Bare Crust ND ND 0.02
Subsurface ND ND 0.02
Initial ND ND
Gypsum Crust 0 .4 ND 0.02
Subsurface ND ND 0.02
Initial ND ND
Protected Crust ND ND 0.02
Subsurface ND ND 0.02
Initial ND ND
(table co n 'd )
103
Coteau Bare Crust ND ND 0.2
Subsurface ND ND 0.2
Initial ND ND
Gypsum Crust 2.9 Present 0.2
Subsurface ND ND 0.2
Initial ND ND
Protected Crust ND ND 0.2
Subsurface ND ND 0.2
Initial ND ND
t  A m ount  of calcite calculated to precipi tate from soil ex t rac t  a t
6 . 2 5 %  moisture conten t ,  
t  ND - None de tec ted .
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Table 4 .4 .  Calcite e s t im a tes  using th ree  m e thods  in th e  soils of Mexico.
Soil
Series
Surface
Management
Sampling
Zone
Chemical
Calcite Estimates—
XRD GEOCHEIV
(%) (%)
Asogueros Bare Crust 5.1 Present 0 .2
Subsurface 4.8 Present 0.2
Initial 3 .9 Present
Gypsum Crust 4 .02 Present 0 .2
Subsurface 4 .36 Present 0.2
Initial 3.9 Present
Protected Crust 4.23 Present 0 .2
Subsurface 3 .98 Present 0 .2
Initial 3.9 Present
Sandovales Bare Crust 1.77 Present 0.1
Subsurface 1.0 NDt 0.1
Initial ND ND
Gypsum Crust 2.2 Present 0.1
Subsurface 0.9 ND 0.1
Initial ND ND
Protected Crust 1.7 Present 0.1
Subsurface 0.4 ND 0.1
Initial ND ND
(table con 'd )
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Reforma Bare Crust 9.65 Present 0 .2
Subsurface 9.33 Present 0 .2
Initial 11.4 Present
Gypsum Crust 11.4 Present 0.2
Subsurface 11.4 Present 0 .2
Initial 11.4 Present
Protected Crust 9.2 Present 0.2
Subsurface 9.3 Present 0.2
Initial 11.4 Present
t  A m ount  of  calcite calculated to precipi tate from soil ex t ra c t  a t
6 . 2 5 %  moistu re  content ,  
t  ND - None de tec ted .
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Table 4 .5 .  Gypsum  es tim ates  using th ree  m e thods  in th e  soils of
Louisiana.
Soil
Series
Surface
Management
Sampling
Zone
Chemical
Gypsum Estimates—
XRD GEOCHEMt
(%) (%)
Gigger Bare Crust ND NDt 0.5
Subsurface ND ND ND
Initial ND ND
Gypsum Crust 6.0 Present 1.2
Subsurface ND ND 0.2
Initial ND ND
Protected Crust ND ND 0.2
Subsurface ND ND ND
Initial ND ND
Olivier Bare Crust ND ND 0.3
Subsurface ND ND ND
Initial ND ND
Gypsum Crust 5.3 Present 1.7
Subsurface ND ND 0.2
Initial ND ND
Protected Crust ND ND 0.2
Subsurface ND ND ND
Initial ND ND
(table con 'd )
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Coteau Bare Crust ND ND 0.1
Subsurface ND ND ND
Initial ND ND
Gypsum Crust 5.3 Present 1.3
Subsurface ND ND 0.2
Initial ND ND
Protected Crust ND ND 1.2
Subsurface ND ND ND
Initial ND ND
t  A mount  of gypsum calculated to  precipi tate from soil ex t rac t  at
6 . 2 5 %  moisture content .  
t  ND - None de tec ted .
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Table 4 .6  G ypsum  es tim ates  using th ree  m ethods  in th e  soils of Mexico.
Soil
Series
Surface
Management
Sampling
Zone
—Gypsum Estimates-—
Chemical XRD GEOCHEM
t
(%) (%)
Asogueros Bare Crust 1.7 Present 1.5
Subsurface 0.5 ND* 1.0
Initial ND ND
Gypsum Crust 6.5 Present 1.9
Subsurface 0.5 ND 0.7
Initial ND ND
Protected Crust 1.6 Present 1.6
Subsurface 0.3 ND 0.7
Initial ND ND
Sandovales Bare Crust 1.4 Present 0.9
Subsurface 0.6 ND 0.2
Initial 0.3 Present
Gypsum Crust 5.3 Present 1.2
Subsurface 0.6 ND 0.2
Initial 0 .3 Present
Protected Crust 2.1 Present 0.9
Subsurface 0 .4 ND 0.2
Initial 0.3 Present
(table con 'd)
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Reforma Bare Crust 5.0 Present 1.7
Subsurface 0.5 ND 0.4
Initial ND ND
Gypsum Crust 8.3 Present 1.8
Subsurface 0.9 ND 0.8
Initial ND ND
Protected Crust 6.0 Present 1.5
Subsurface 0.4 ND 0.3
Initial ND ND
t  A m oun t  of gypsum  calculated to precipi tate from soil ex t ra c t  at
6 . 2 5 %  moiture content ,  
t  ND - None de tec ted .
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analysis .  However,  while found by chemicals  analysis,  calci te w a s  not  
d e t e c te d  by XRD in the  c rus t  of the  gypsum -am ended  soil of the  Olivier, 
nor in the  subsur face  of the  bare and protec ted  soils of the  S andova les  soil. 
A fac tor  com m on  to  the  soil t r ea tm en ts  where  C a C 0 3 w a s  not  d e t e c te d  by 
XRD, w a s  an accompanying  C a C 0 3 con ten t  of <  1 % in the  chemical  
analysis .
S a tu ra ted  pas te  ex t rac ts
The  analyses  of var iance of Ca, Mg, Na, and K revealed a s ignif icant 
( p < 0 . 0 5 )  m a n a g e m e n t  pract ice x sampling zone interact ion ef fec t  in all of 
the  soils (Tables 4 .7  and 4.8) .  Obviously, concen t ra t ions  of th o s e  cat ions 
in th e  crus t  w ere  higher th a n  those  in the  subsur face  a s  a result of  the  
mobility of Na, Ca, K, Mg, Cl, and S 0 4 com pared  to  Fe, Si, and Al (Bohn et  
al., 1 9 8 5  and Brady, 1990) .
Calcium w a s  the  dominant  cat ion in solution in all of  the  soils, 
e x c e p t  in Sandovales  w here  Na w a s  the  dominant  cat ion.  The highest  
concen t ra t ion  of  Ca in solution w a s  found in the  c rus t  of th e  Reforma and 
A sogueros ,  ranging from 2 9 .0 3  to 6 8 . 0 4  mmol/L. The higher 
concen t ra t ions  of Ca in the  soils of  Mexico are explained by the  d if ferences  
in rainfall and leaching condit ions be tw ee n  the  Mexican and Louisiana sites.  
Condit ions for a high leaching intensity exist  for the  soils of Louisiana 
w h e re  the  average  annual  precipitation is 1 3 5 0  mm. In the  soils of
111
Table 4 .7 .  Cation co ncen tra tions  from sa tu ra ted  p a s te s  in th e  soils of
Louisiana.
Soil
Series
Management
Practices
Sampling
Zone
Ca Na Mg K
-------  mmol/L
Gigger Bare Crust 18 .5 5 b t 3 .06a 9.04b 1.83a
Subsurface 1.10e 1.49c 0.41 e 0 .35d
Gypsum Crust 31 .11a 2 .58b 11.75a 1.00 c
Subsurface 3.56d 2 .66b 1.39d 0 .37d
Protected Crust 13.65c 2.57b 6 .07c 1.46b
Subsurface 0.99e 0 .86d 0 .38e 0.31 d
Olivier Bare Crust 6.84c 1.94c 2.47b 1.69a
Subsurface 0.80d 0.52d 0 .26c 0 .28b
Gypsum Crust 19.82a 7.00a 3.63a 1.52a
Subsurface 2.75d 3.18b 0 .60c 0 .46b
Protected Crust 10.23b 1.53c 3.59a 1.64a
Subsurface 1.27d 0.82cd 0 .40c 0 .33b
Coteau Bare Crust 16.49c 1.91a 2.32c 1.39d
Subsurface 4 .14e 0.51a 0 .48e 0 .35e
Gypsum Crust 42 .54a 1.67a 8.24a 4 .74a
Subsurface 6.87d 6.69a 1.48b 2.13b
Protected Crust 28.28b 2.92a 4 .24c 1.62c
Subsurface 3.31e 1.05a 0 .1 8f 0 . 12f
t  M eans followed by th e  sam e letter are  not significantly
different a t  the  0 .0 5  level of probability accord ing  to  th e  LSD
tes t .
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Table 4 .8 .  Cation concentra t ions  from sa tu ra ted  p as te s  in the  soils of 
Mexico.
Soil
Series
Surface
Management
Sampling
Zone
Ca Na Mg K
----------mm ol/L--------------
Asogueros Bare Crust 2 9 .0 3 b c t 51 .03a 8 .11bc 6 .39a
Subsurface 18.72cd 22 .37b 3.36cd 3.38b
Gypsum Crust 58.81a 51 .00a 13.54a 6.78a
Subsurface 13.31 d 17.27b 2.36d 2.85b
Protected Crust 36.77bc 41 .31a 7 .57bc 6 .20a
Subsurface 15.16cd 20 .20b 2.72d 3 .24b
Sandovales Bare Crust 16.08a 63 .25b 17.96a 8 .37b
Subsurface 3.89b 17.95c 1.44b 2.64d
Gypsum Crust 17.56a 20 .09c 5.73b 4 .41c
Subsurface 3.86b 19 .05c 1.28b 2.50d
Protected Crust 18.12a 76 .95a 16.80a 10.08a
Subsurface 3.74b 13.80c 1.35b 2 .49d
Reforma Bare Crust 68 .04a 73 .97a 10 .00a 4 .25a
Subsurface 9.08b 1 1.46a 0 .87b 1.06b
Gypsum Crust 45 .14b 40 .75b 6.75a 3 .37a
Subsurface 13.47c 13.95c 1.22b 1.17b
Protected Crust 49.35b 67.77a 5.94a 3 .82a
Subsurface 7 .82c 1 1.30c 0 .73b 1.05b
t  M eans followed by the  sam e letter are not significantly
different a t  the  0 .0 5  level of probability accord ing  to  th e  LSD
te s t .
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Mexico,  an annual  precipitation of 4 5 0  mm fails to leach the  Ca from the  
soil profile.
It is also clear tha t  the addition of gypsum to the  soil su r face  
significantly increased the  am oun t  of Ca in the  crus t  in all of th e  soils, 
e x c e p t  for the  Sandovales  and Reforma (Table 4.8) .  The  lack of  increase 
of Ca in th e s e  soils with the  gypsum-am ended  soil indicates th a t  Ca in 
solution is control led by the  solubility of gypsum. Once  the  solution is 
s a tu ra ted  with respec t  to Ca and S 0 4, gypsum can  not  dissolve.
Ano ther  ef fec t  of adding gypsum to the  soil is the  rep lacem ent  of Na 
by Ca in solution and  on exchange  sites .  This ef fec t  is clearly s h o w n  in 
Sandova les  and Reforma w here  the concentra t ions  of Na in the  c rus t  of the 
g y psum -am ended  soil dec reased  4 3  and 33  mmol/L respectively,  com pared  
to  th a t  in the  bare soil. Excess Na w as  apparently lost th rough  runoff  or 
drainage.
In the  soils of Louisiana, the level of Na in the  c rus t  (0.51 to  7 .0 0  
mmol/L) w a s  very low com pared  to tha t  in the  soils of Mexico (11 .3  to 
7 6 . 9 5  mmol/L). The  highest  increase of Na w a s  observed  in th e  gypsum- 
a m e n d e d  soil of  the  Olivier, w here  the  co n te n t  of Na w a s  7 . 0 0  mmol/L, 
com pared  to  1 .9 4  mmol/L in the  c rus t  of the  bare soil. These  results  
s u g g e s t  th a t  the  increase of Na in the  crus t  w a s  possibly due  to  th e  effec t  
of  d isp lacement  of  Na by Ca on the  exchange  complex,  leaving more  Na in 
solution. The increased Na in solution w a s  then  available to  acc um ula te  in
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t h e  c rus t  by capillary rise. It is not  obvious w hy  this  inc rease  in Na occurs  
in the  Olivier in response  to the gypsum am endm ent .  Apparen tly the  high 
silt co n te n t  prevents  leaching and removal by runoff.
In the  c a s e  of Mg, K and Na, their relative impor tance  a s  cementing  
a g e n t s  d epends  on the  evapori te  minerals tha t  may be formed,  su ch  as  
epsom i te  (M gS04.7H20) ,  sylvite (KCI), and halite (NaCI). However ,  th e s e  
minerals  are very soluble and unstable,  so  tha t  they  are easily leached  from 
th e  soil. For example ,  in Sandova les  and Reforma,  the  Mg c o n ten t  
dec re a se d  12 and 4  mmol/L, respectively,  in the  c rus t  of  the  gypsum- 
am e n d e d  soil com pared  to  tha t  in bare soil. These  results  s u g g e s t  th a t  Mg 
p resen t  on the  excha nge  complex or as  soluble salts  w a s  displaced by Ca 
or dissolved and leached ou t  of the soil during the  rainfall s imulat ion.
The analyses  of variance of Cl, S 0 4, and N 0 3 revealed a s ignif icant 
( p < 0 . 0 5 )  m a n ag em e n t  pract ice x sampling zone interact ion e f fec t  in all of 
the  soils (Tables 4 .9  and 4.10).  The higher concen tra t ion  of th e s e  an ions  
in th e  c rus t  relative to tha t  in the  subsurface ,  indicates again the  high 
solubility and mobility of th e se  anions in the  soil sy s tem .  As in the  c a s e  of 
the  cat ions,  the  anion con ten ts  also reflect the  ef fect  of  con t ra s t ing  paren t  
materials and climatic conditions am ong the  soils used  in this  s tudy .  For 
example,  the  soils of Mexico provide a huge difference in the  c o n te n t  of  Cl 
and S 0 4, com pared  to  tha t  in soils of Louisiana.
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Table 4 .9 .  Anion concen tra tions  from sa tu ra ted  p as te s  in th e  soils of
Louisana.
Soil
Series
Management
Practices
Sampling
Zone
Cl S 0 4 n o 3
----------  mmol/L —
Gigger Bare Crust 2 6 .9 5 a t 7 .15b 15.69b
Subsurface 1.28d 1. 12d 0 .52c
Gypsum Crust 9.59c 19.59a 29 .84a
Subsurface 2.45d 5.03c 0 .34c
Protected Crust 15.29b 4 .81c 14.60b
Subsurface 0.95d 1.00 d 0 .21c
Olivier Bare Crust 5 .36a 4.11 bed 7.45b
Subsurface 0.98b 0 .55e 0.55d
Gypsum Crust 7.58a 30 .22a 0.70d
Subsurface 1.96b 5.51 be 0.30d
Protected Crust 2 .94a 2.62cd 12.76a
Subsurface 0.74b 0 .38e 3.08c
Coteau Bare Crust 21.80b 2.07d 12.76c
Subsurface 0.72cd 0 .29e 2.58d
Gypsum Crust 48 .40a 15.05a 19.19b
Subsurface 4.00e 5.91b 9.58c
Protected Crust 23.41b 2 .82c 22 .16a
Subsurface 0 .86d 0 .30e 1.24d
t  M eans followed by the  sam e letter are not significantly
different a t  the  0 .0 5  level of probability according to  th e  LSD
te s t .
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Table 4 .1 0 .  Anion concentra t ions  from sa tu ra ted  p a s te s  in the  soils of 
Mexico.
Soil
Series
Management
Practices
Sampling
Zone
Cl SO„ n o 3
--------  mmol/L
Asogueros Bare Crust 1 8 .0 5 a t 9 .0 3 1! 4 0 .4 4 c
Subsurface 9.78b 4 .89c 19.96d
Gypsum Crust 34 .19a 17.10a 86 .63a
Subsurface 3.94b 1.97c 5 .96e
Protected Crust 16.36a 8.18b 56.23b
Subsurface 7.33b 3 .67c 1 6 .75d
Sandovales Bare Crust 19.25b 50.81a 12.32
Subsurface 5.70c 14.81cde 1.63d
Gypsum Crust 8 .81c 27 .61b 9 .01c
Subsurface 2.94c 16.79cd 0 .40d
Protected Crust 21 .30a 5 1 .63a 27 .50a
Subsurface 2.99c 1 1.47de 1.60d
Reforma Bare Crust 132 .10a 2 0 .1 6abc 40 .4 9
Subsurface 8.65d 8.65d 3.03d
Gypsum Crust 90 .08c 22 .31ab 12.48c
Subsurface 4.50d 18.08bc 0 .90d
Protected Crust 110.91b 19.81bc 23 .68b
Subsurface 7.20d 7.88d 2.51d
t  M eans  followed by the  sam e letter are  not significantly
different a t  the  0 .0 5  level of probability accord ing  to  th e  LSD
te s t .
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A s y s t e m  dominated  by Cl in the  crus t  w a s  identified in Reforma,  
ranging from 9 0  to  132  mmol/L. The  Cl s y s tem  in Reforma w a s  higher 
th a n  th a t  found in Coteau ,  where  Cl in the  crus t  varied from 2 2  to  4 8  
mmol/L. Sandova les  w a s  character ized by a c rus t  s y s t e m  dominated  by 
S 0 4 in a range  from 28  to  52  mmol/L, while Olivier had a S 0 4 c o n te n t  in 
th e  crus t ,  ranging from only 3 to 3 0  mmol/L.
G ypsum  and  calcite precipitation models
Solubility diagrams for calcite and gypsum in the  soils of Mexico and 
Louisiana are presen ted  in Figure 4 .1 .  Two groups  can  be dist inguished 
based  on Ca2+ act ivities com pu ted  by GEOCHEM in eac h  soil. In the  first 
group,  consist ing of  the  Asogueros,  Reforma,  and Coteau  soils, all of  the  
soil t r e a tm e n t s  indicate sa tura t ion  with respec t  to  calci te (except  in the  
g y p s u m -am en d ed  soil of the  Coteau  subsurface) .  In th e s e  soils, their 
respec t ive  C a2+ activities and pH fall on the  calcite solubility line a t  a C 0 2 
partial p ressu re  of 10 '3 53 a tm. In the  second  group, consist ing of the  
Sandova les ,  Gigger, and Olivier soils, an udersa tu ra ted  s ta t e  relative to 
both  gyp su m  and calcite can  be observed as  the  Ca2+ act ivit ies  in all of  the 
t r e a tm e n t s  and their respective pH values fall be low the  calci te and gypsum  
solubility lines.
In th e  first group, the  probable precipitation of  calci te in the  crus t  
s y s t e m  can  be charac ter ized  by a tw o-s tep  model.  In the  first s tep ,  the  
capillary rise of C a2+ from the subsurface  to the  soil su r face  p rom otes  the
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concen t ra t ion  of  Ca2+ in the  crus ts  of the  bare and pro tec ted  soils. In the  
gypsum -am ended  soil, the  increase of Ca2+ is due  to the  C a2+ coming from 
the  dissolut ion of  gypsum  added to the  soil and from the  subsu r face .  In 
the  s econd  s tep ,  the concen t ra ted  Ca2+ in solution and a tm ospher ic  C 0 2 
reac t  to  precipi tate C a C 0 3. Protons  are genera ted  in this react ion,  lowering 
pH. This react ion can  be wri tten as:
Ca2+ + C 0 2 + H20  C a C 0 3 + 2 H + (1)
In the  second  group,  all of  the  t rea tm en ts  s h o w  an undersa tu ra ted  
s y s t e m  with re spec t  to  calcite and in most  c a s e s  gypsum.  Concent ra t ion 
of C a2+ in the  crust ,  ei ther by capillary rise in the  bare and pro tec ted  soils 
during drying or by capillary rise plus addition of C a 2+ in the  gypsum- 
am e n d e d  soil would be expec ted .
The pH in all of the  soil t rea tments  in the  Olivier increase relative to 
th e  subsoil,  as  a result of the  concent rat ion of alkalinity (OH ) in the  crus t  
(Figure 4 .1) .  A similar t rend  to  increase pH w a s  observed  in the  
Sandovales  and Gigger with the  gypsum-am ended  soils. The d e c r e a s e  in 
pH in the  bare and protec ted  soils in the Gigger can  not  be explained.
The activities of Ca2+ and S 0 4‘ spec ia ted  for all of the  soil 
t r e a tm e n ts  are sh o w n  in Tables 4.11 and 4 .12 .  It is appa re n t  th a t  a 
s u pe rsa tu ra ted  condition is reached with respec t  to gypsum  in the  c ru s t s  of
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Table 4 .1 1 .  Calcium and sulfate activities in solution and sulfa te  act ivity 
needed  to  precipi tate gypsum in the  soils of  Louisiana.
Soil
Series
Surface
Management
Sampling
Zone
pCa2+t pSO„2 t pSO„2 f Saturation
Gigger Bare Crust 2.19 2.79 2 .45 Undersaturated
Subsurface 3.15 3.16 1.49 Undersaturated
Gypsum Crust 2.06 2.41 2 .58 Supersaturated
Subsurface 2.79 2 .64 1.85 Undersaturated
Protected Crust 2.28 2.89 2 .36 Undersaturated
Subsurface 3.19 3.19 1.45 Undersaturated
Olivier Bare Crust 2.51 2.83 2.13 Undersaturated
Subsurface 3.24 3.44 1.40 Undersaturated
Gypsum Crust 2.32 2.08 2.32 Supersaturated
Subsurface 2.91 2.56 1.73 Undersaturated
Protected Crust 2.34 3.09 2 .30 Undersaturated
Subsurface 3.06 3.64 1.58 Undersaturated
Coteau Bare Crust 2.14 3.26 2 .50 Undersaturated
Subsurface 2.58 3.88 2 .06 Undersaturated
Gypsum Crust 1.91 2.58 2 .73 Supersaturated
Subsurface 2.54 2.72 2.10 Undersaturated
Protected Crust 1.99 3.24 2.65 Undersaturated
Subsurface 2.68 3.83 1.96 Undersaturated
t  Calcium and sulfate  activities from ex trac t solutions.
t  Sulfate activity needed  to  be in equilibrium w ith gypsum .
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Table 4 .1 2 .  Calcium and sulfate activities in solut ion and sulfate act ivity 
needed  to  precipi tate gypsum  in the  soils of Mexico.
Soil
Series
Management
Practices
Sampling
Zone
pCa2+t pS 042 t pSO„2 t Saturation
Asogueros Bare Crust 2.18 2.16 2 .46 Supersaturated
Subsurface 2.26 2.36 2.38 Supersaturated
Gypsum Crust 1.84 2.41 2 .80 Supersaturated
Subsurface 2.41 2.29 2.23 Undersaturated
Protected Crust 2.03 2.34 2.61 Supersaturated
Subsurface 2.31 2.41 2 .33 Undersaturated
Sandovales Bare Crust 2.51 1.95 2 .13 Supersaturated
Subsurface 2.93 2.24 1.71 Undersaturated
Gypsum Crust 2.36 2 .14 2.28 Supersaturated
Subsurface 2.95 2.19 1.69 Undersaturated
Protected Crust 2.46 1.97 2.18 Supersaturated
Subsurface 2.90 2.33 1.74 Undersaturated
Reforma Bare Crust 1.77 2.57 2.87 Supersaturated
Subsurface 2.47 2.52 2.17 Undersaturated
Gypsum Crust 1.94 2.42 2 .70 Supersaturated
Subsurface 2 .90 2.24 2 .24 Supersaturated
Protected Crust 1.90 2 .50 2 .74 Saturated
Subsurface 2.53 2.53 2.11 Undersaturated
t  Calcium and sulfate activities from ex trac t solutions.
t  Sulfate activity needed  to  be in equilibrium with gypsum .
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t he  g y psum -am ended  soils. Soils of Louisiana do not  s h o w  any  sa tu ra ted  
s y s t e m  in the  crus t  or subsu r face  of the  bare or p ro tec ted  soils, nor in the  
su b su r fa c e  of the  gypsum -am ended  soils. The soils of  Mexico,  how ever ,  
reveal a s a tu ra ted  s y s t e m  with respec t  to  gypsum,  indicating th e  p resence  
of  pedogenic  gypsum  in the  crus t  of the  bare and pro tec ted  soils. 
S upe rsa tu ra ted  condi t ions  with respec t  to gypsum  w ere  reached  only in the 
s u b su r fa c e  of all of the  m a n a g e m e n t  pract ices for the  A sogue ros  and in the 
s u b su r fa c e  of the  gypsum -am ended  soil of the  Reforma.
Based on the  speciat ion  models  of the  s a tu ra ted  pas te s ,  pedogenic  
g y p s u m  and  calcite should coex ist  in the  c rus t  of the  A sogue ros  and 
Reforma soils. However ,  in the  chemical and X-ray ana lyse s  already 
d i scussed ,  calci te w a s  de tec te d  not  only in the  A sogueros ,  Reforma,  and 
Coteau ,  but  also in Sandovales ,  Gigger, and Olivier. In th e s e  soils, calcite 
w a s  also found in the  subsur face  in all of the  soil t re a tm e n ts .  A c om m on  
character is t ic  in th e s e  soils w a s  the  low C a C 0 3 d e tec te d  by HCI ti tration,  
ranging from 0 . 4 4  to  2 . 2 2 % .
Simulated concentra t ion  of  the soil solution
The results  obtained  for the  simulated concen tra t ion  of the  Gigger 
soil solut ion are p resen ted  in Figure 4 .2 .  A tw o -p h a s e  model  w a s  
differentiated during the  drying process  in both  the  c rus t  and subsu r fa ce  
for all th ree  m a n a g e m e n t  pract ices.  The  first phase  w a s  charac te r ized  by 
an accumula t ion  of  alkalinity (OH ) tha t  produced  an increase in pH from
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Figure 4.2 .  Simulated concent rat ion of soil solut ions during the drying process  for the Gigger soil.
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6 . 4  to  7 .0 .  No C a C 0 3 precipi tated during this phase  in any  of the  soil 
t r e a tm e n ts .  Precipi tat ion of gypsum occurred only in the  gypsum -am ended  
soil as  C a2+ and S 0 42' activities were  initially a t  sa tu ra ted  condi t ions  with 
r e spec t  to  gyp su m  a t  1 0 0 %  soil moisture conten t .  In the  s e c o n d  phase ,  
the  increase of  Ca2+ activities forced C a C 0 3 to precipi tate a t  approximately 
7 0 %  of soil moisture in the  c rus t  and subsurface  of each  soil t r ea tment .  
From this point,  the  pH d ec re ase s  as protons  are released during C a C 0 3 
precipi tation.  G ypsum precipitates in the crus ts  of the  bare and protec ted  
soils a t  5 0  and 2 5 %  of soil moisture,  respectively.  No gypsum  precipi tated 
in th e  s u b su r fa ce  of th e s e  t rea tm en ts  at  the  lowes t  w a te r  c o n ten t  
s imulated (6 .25% ).
Tw o  different  pa th w a y s  of C a C 0 3 precipitation w ere  de tec te d  in the 
Olivier (Figure 4.3) .  The first pa thw ay  w a s  observed  in the  c rus t  of the 
g y p s u m  soil. The  initial s tep  w as  characterized by a d e c re a se  in the  
act ivity of  C a2+ caused  by precipitation of gypsum and an increase in pH 
from 6 . 4  to  7 .0 .  In the  second  s tep ,  calcite s ta r ted  to precipi tate a t  a soil 
moisture  of  7 0 %  satura t ion.  The pH during this s t a g e  increased from 7 .0  
to  7 .8  a s  the  acidity produced  during the precipitation of C a C 0 3 w a s  
apparently  nega ted  by the  concentra t ion  of  alkalinity in the  crus t .  The 
C a2+ act ivi t ies  w e re  a lmost  c o n s tan t  during the  second  s tep  as  gypsum  
and calci te precipi tated simultaneously.  Finally, in the  third s tep ,  a drastic  
d e c re a s e  in Ca2+ activity w a s  accompanied  by an increase in pH from 7 .9
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Figure 4 .3 .  Simulated concent rat ion of soil solut ions during the drying process  for the  Olivier soil.
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to  8 .45 .  Even though  C a C 0 3 precipitated in this soil t r e a tm e n t  from the  
soil moisture of  7 0 %  satura t ion,  the acidity produced  during the  
precipitation of  C a C 0 3 w a s  not enough to  override the  alkalinization ef fec t  
b rought  ab o u t  by concentra t ing  the solution.  In the  subsu r fa ce  of  this 
t r ea tm en t ,  the  pH d ec reased  slightly as C a C 0 3 s ta r ted  to  precipi tate at  
7 0 %  of soil moisture.  The  main limitation for C a C 0 3 precipi tation w a s  the  
low Ca2+ act ivity in the  subsurface ,  which w a s  su p p re s se d  a t  the  s a m e  
level during the  drying simulation by the competing precipi tation of 
gypsum.
In the  s econd  p a th w ay  observed for the  Olivier in the  bare and 
pro tec ted  soils, calcite precipitation began  a t  approximate ly 7 0 %  of soil 
moisture  a s  a c o n s e q u e n c e  of a shift in pH to the  calcite solubility line. In 
t h e  seco n d  s tep ,  an increase in the activity of Ca2+ enco u ra g ed  C a C 0 3 
precipitation,  which apparently dominated the  sy s t e m  as  pH d e c re a se d  
during the  remainder of  th e  drying process .  Gypsum s ta r ted  to  precipitate 
a t  2 5 %  of soil moisture and  continued to  6 . 2 5 %  of soil moisture  a s  Ca2+ 
act ivity increased  sharply in this range of moisture con ten ts .  A p a th w a y  
similar to  the  one  descr ibed in the c rus ts  of the  bare and p ro tec ted  soils 
w a s  observed  in the  subsurface .  However ,  no precipitation of  g y psum  
occurred  in the  subsu r face  as  Ca2+ and S 0 42' act ivities w e re  undersa tu ra ted  
with re spec t  to the  solubility of gypsum.
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In Sandova les ,  a d e c r e a se  in the  activity of Ca2+ gene ra ted  a tw o-  
s tep  model  in the  gypsum -am ended ,  bare,  and  pro tec ted  soils (Figure 4.4) .  
In the  first s tep  of the  gypsum -am ended  soil model,  the  act ivi ty of  C a2+ 
w a s  control led by the  precipitation of  gypsum.  During this  s tep ,  
concen t ra t ion  of  alkalinity (OH ) in the  soil solut ion increased pH. In the  
s e c o n d  s tep ,  calcite s ta r ted  to  precipi tate at  approximate ly 7 0 %  of 
moisture sa tu ra t ion  moisture.  A dec re a se  in C a2+ act ivity w a s  ev ident  as  
C a C 0 3 and gyp su m  precipitated simultaneously.  In this s tep ,  pH increased 
as  the  concen t ra t ion  of  alkalinity ou tw eighed  the  acidity gene ra ted  from 
the  precipi tation of  C a C 0 3.
The tw o -s te p  model  observed  in the  bare and pro tec ted  soils 
involved a similar C a C 0 3 precipitation model.  Calcium activity w a s  
control led by the  precipitation of  gypsum initially. Calcite s ta r ted  to 
precipi tate a t  7 0 %  of soil moisture,  and pH increased due  to  a 
concen t ra t ion  of  alkalinity in e x ce s s  of  acidity genera ted  from the  
precipi tation of C a C 0 3. In this phase ,  Ca2+ dec re a se d  as  C a C 0 3 and 
gy psum  precipi tated simultaneously.
In all th ree  soil t r e a tm e n t s  in the  subsur face  of  the  Sandova les ,  the  
act ivity of Ca2+ w a s  control led by gypsum  in the  initial drying s tag e .  The 
pH increased  substantial ly due  to  concentra t ion  of  alkalinity before C a C 0 3 
began  to  precipi tate a t  7 0 %  of soil moisture.  The  pH con t inued  to
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Figure 4 .4 .  Simulated concent rat ion of  soil solut ions during the drying process  for the  Sandovales  soil.
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increase during simulated drying as  alkalinization exceeded  acidity 
genera ted  during the  precipitation of C a C 0 3.
Sum m ary  and  Conclusions
The identification and distribution of cementing  a gen t s  in the  crus t  
and subsu r face ,  as  well a s  the  effec t  of different m a n a g e m e n t  prac t ices  on 
the  cem ent ing  p rocess  w ere  a s s e s se d .  Calcite and gypsum  w ere  used to 
identify p a th w a y s  by which cementing agen ts  could form in the  soil c rus ts .  
The  drying p rocess  w a s  simulated during soil c rus t  formation by 
concen t ra t ing  solution analysis  obtained from sa tu ra ted  pas tes .  The 
co m p u te r  model,  GEOCHEM, al lowed simulation of solut ion chemis try  while 
g y p s u m  and calcite w ere  quantitat ively precipi tated from solution.
There w a s  no de tec tab le  accumula t ion of  Fe iron oxides or 
a m o rp h o u s  Si and Al in the  crus ts ,  relative to  the  subsu r face  zones  in any 
of the  soil t r e a tm e n ts  in the  soils of Mexico and Louisiana. However ,  
a m o rp h o u s  Si and Al w e re  2 and 4  t imes higher in the  soils of Mexico than  
in th e  soils of Louisiana. Free Fe oxides were  tw ice  as  high in th e  soils of 
Louisiana as  in the  soils of  Mexico.  Gypsum precipi tated in the  c ru s t s  of 
th e  non-gypsum  am en d ed  Reforma and A sogueros  soils, ranging from 1.6  
to  6 . 0 % .  No gypsum  could be de tec ted  in the  initial s t a t e  of  th e s e  tw o  
soils.  Calcite precipi tated in all c rus ts  w hen  soils w ere  am en d ed  with 
g y p s u m  and in the  non-gypsum am ended  soils of the  Sandovales .  Calcium
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w a s  th e  dominant  cat ion in the  crus t  of both the  soils of Mexico (29 to  68 
mmol/l) and the  soils of Louisiana (7 to 4 3  mmol/l).
A sogueros ,  Reforma,  and Coteau w ere  initially s a tu ra ted  with 
r e sp ec t  to  calcite.  Gigger, Olivier, and Sandovales  w ere  initially 
undersa tu ra ted  with r espec t  to calcite. Concent rat ion of  soil so lut ions to 
near  d ryness  illustrated the  moisture c on ten t  (70%) at  which precipitation 
of  calcite  occurred  in Gigger, Olivier, and Sandovales .  G ypsum also 
precipi tated in the  crustal  zone during simulating drying in Gigger and 
Olivier. The alkalinity produced  during concentrat ion  of the  soil solut ion 
and  th e  acidity genera ted  during the precipitation of calcite w e re  identified 
a s  t w o  com peting  mechanisms .  Alkalinity dominated  the  drying period of 
the  soils of Mexico as pH continued to increase.  Precipi tat ion of calcite 
dominated  the  drying period of the soils of Louisiana as  pH dec re ase d  
during the  late s t a g e s  of crus t  formation.
Mineral solubility is a major factor  affect ing the accumula t ion  of 
cem en t ing  a g e n t s  in soil c rus ts  during evapora t ion.  The higher 
concen t ra t ions  of gypsum  in the crus t  relative to the  subsur face ,  indicate 
the  soluble nature  of this mineral and its apparen t  mobility. On the  o ther  
hand,  th e  lower solubility of Fe oxides and am orphous  Al and Si, is 
responsib le for the  a b s en ce  of a de tec tab le  accumula t ion of th e s e  
cem en t ing  a gen t s  in the crus t  relative to  the  subsoil.  However,  SEM 
micrographs  and XRF analyses  (Chapter 3) revealed th a t  th e s e  solid p hases
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do part icipate in the  cementing  process ,  even  th ough  their mobility may be 
limited.
Definite limitations were  encounte red  in trying to  examine  ex t rac ts  
from sa tu ra ted  pas tes .  Although calcite could be identified by XRD in soil 
c rus ts ,  solut ions were  found to be undersa tu ra ted  with re spec t  to  this 
mineral.  Most  likely this undersatura t ion is either  i) a kinetic limitation 
preventing calcite from reaching equilibrium in the  s a tu ra ted  pas te ,  or ii) 
calci te is formed in only t race  am oun ts  which are comple te ly dissolved by 
the  pas te  ext ract ,  thereby  forcing undersatura t ion upon further  dilution. In 
ei ther  case ,  artificial concentrat ion  of the  solution from the  ex t rac ted  
p a s te s  to  near  d ryness  al lows one  to examine  w h e th e r  or not  it is possible 
for a mineral to precipitate.
Tw o competing  react ions w ere  recognized from the  simulat ion work.  
Precipi tat ion of calcite gene ra te s  protons,  which gene ra te s  acidity. 
Concent ra t ion  of hydroxyl ions in the  soil solution genera tes  alkalinity.
T w o  precipitation pa th w ay s  were  proposed  for calcite from the  ex t rac t  
solut ions.  One p a thw ay  involves an initial increase in solut ion pH during 
the  concentra t ion  process ,  prior to  the  precipitation of calcite.  Upon the  
initiation of calcite precipitation,  the  change  in pH reverses  and d e c re a s e s  
with further  precipitation,  indicating a dominance  of the  calci te precipitation 
reaction over  the  concentrat ion  of hydroxyl ions. The  s e c o n d  p a th w a y  
differs in tha t ,  a t  the  initiation of calcite precipitation,  pH con t inues  to
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increase,  indicating tha t  the  concent rat ion of  hydroxyl ions is g rea ter  than  
the  am o u n t  of pro tons  genera ted  from the  precipitation of  calcite.
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CHAPTER 5
EFFECT OF MANAGEMENT PRACTICES AND RAINFALL DURATION IN 
SOIL PROPERTIES AS THEY AFFECT SEEDLING EMERGENCE OF CORN 
(Zea mays L.) AND SOYBEANS (Glycine m ax  (L.)Merr.)
Introduction
The direct impact  of  raindrops on the  soil surface ,  the  p re sen ce  of 
highly dispersive clays such  as smect i t es  and high levels of  exchangeab le  
sod ium may ca u s e  dispersion of soil aggrega tes ,  the reby  seal ing the  soil 
surface ,  reducing infiltration, and increasing the  hazard of  soil erosion 
(Hillel, 1980 ;  Miller and Radcliffe, 1992;  Shainberg,  1992 ;  and Singer and 
Warr ington,  1992) .
The use  of mulches  on soil su r faces  has been reported as  an 
effect ive method  of preventing soil dispersion caused  by raindrop impact  
(Wilson e t  al., 1982;  McVay et  al., 1989;  and Bruce et  al., 1990).  Soil 
condi t ioners such  as  gypsum,  phosphogypsum ,  and organic polymers  have 
also been  te s t ed  to  stabilize soil agg rega tes  in order to  avoid the  formation 
of  soil c rus ts  (Gal e t  al., 1984;  Shainberg et  al., 1989 ;  and Ben-Hur e t  al., 
1990).
A major limitation to  crop production is the  ef fec t  crust ing has  on 
seedling em ergence .  A dec rease  in seedling em e rg e n c e  of w h e a t  (Triticum  
aestivum  L.), grain sorgum (Sorgum bicolor (L.) Moench) ,  and s o y b e a n s
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(Glycine max (L.) Merr) with an increase in c rus t  s t reng th  w a s  repor ted by 
Hanks and  Thorp (1957).
Rainfall durat ion is another  factor  influencing c rus t  formation.  A 
d e c re a s e  in seedling em ergence  w a s  reported as  rainfall durat ion increased 
(Agassi e t  al. 1985;  A wadhwal  and Thierstein,  1986) .
Crus t  formation is a common problem in soils from the  north-central  
part  of Mexico and the  loessial soils of Louisiana. Information identifying 
fac to rs  involved in the  formation of soil c rus ts  is very limited, as  is 
information address ing  seedling em ergence  of corn and  s o y b e a n s  in th e s e  
regions.
Based on the  need for practical solut ions to th e s e  problems,  the  
object ives  of this s tudy  were:  to evaluate the  ef fec t  of different  
m a n a g e m e n t  pract ices  on infiltration, soil erosion, c rus t  s t reng th ,  and the 
ef fec t  of  different  m a n a g e m e n t  pract ices and rainfall durat ion on seedling 
e m e rg e n c e  of corn  (Zea mays L.) and s o y b e a n s  (Glycine max (L.) Merr.).
Materials and Methods 
Soil series
The sur face  horizons of three soils from Louisiana and  th ree  soils 
from th e  north-central  part  of Mexico w ere  used  in this s tudy .  Soils from 
Louisiana were:  Gigger (fine-silty, mixed, thermic,  Typic Fragiudalf), Olivier 
(fine-silty, mixed,  thermic,  Typic Fragiudalf), and Coteau  (fine-silty, mixed
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thermic,  Glossaquic Hapludalf). Soils from Mexico were :  Asogueros  
( loamy, mixed,  hypothermic,  Vertic Nadurargid), Sandovales  (loamy, mixed, 
hypothermic ,  Aridic Durustoll), and Reforma (loamy, mixed, hypothermic,  
Lithic Calciorthid).
Soil preparation
Soil samples  w ere  collected from the plow layer (0 to 2 0  cm) of  each  
soil, air dried, and sieved th rough a 2 mm sieve.  Soils were  packed  in 
w o o d e n  boxes  (30 x 3 0  x 7 cm). The bot tom of the  boxes  w ere  
per fora ted and covered  with a 1 cm layer of coarse  sand  to  improve soil 
drainage .  Dry soil w a s  uniformly packed into the  boxes  and lightly agita ted 
to  at tain reproducible bulk densit ies .  The w o o d en  boxes  w ere  posit ioned at  
a  s lope  of 0 .2 % to  al low surface  runoff during rainfall simulation.
Rainfall simulator
Soils were  placed under a modified, rotat ing-disk rainfall s imulator  
descr ibed  by Morin e t  al. (1966).  The terminal velocity for drops  with a 
medium diameter  of 2 .0  mm w a s  6 .4  m/s,  using a relationship b e tw e e n  
terminal  veloci ty (m/s) and drop diameter  (mm) reported by Law's (1941) .  
The rainfall intensity w a s  5 4  mm/h and the  kinetic energy  w a s  2 6 . 9 7  J / m 2- 
mm, obta ined  using the  method reported by Wischmeier  and Smith (1978).  
A detailed descript ion of  the  rainfall simulator  can  be found in Appendix A.
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Runoff m e asu re m en t
Runoff w a s  collected th rough a plastic drain pipe a t t ach e d  a t  ground 
level to  th e  low end of th e  w oo d en  boxes.  Runoff w a s  quantified by taking 
a subsa m ple  every 5 min after the  initiation of runoff. Volume of runoff  
and  sed im en t  load w ere  determined.
Drying period
Following the  rainfall simulation, a hot,  dry period w a s  simulated for 
7 days .  Infrared lamps w ere  placed 100  cm above  th e  soil s u r face  with 
al ternat ing on-off periods of 12 hours.
Crus t  s t reng th  m e asu re m en t
Crust  s trength  w a s  measured  every  o ther  day  with a modified 
p ene t rom ete r  similar to the  one  described by Holder and Brown (1974),  
Figure 5 .1 .  The pene t rom ete r  cons is ted of a probe m oun ted  on th e  s t a g e  
of a ba lance .  A w a te r  receptacle w a s  connec ted  to  the  end of  th e  balance  
arm. The  spherical probe w a s  introduced th rough one  of  the  perforat ions 
in the  bo t tom of the  boxes.  Water  w a s  poured into th e  recep tac le  a t  a rate 
of 5 0  mm/min.  The volume of the w a te r  needed  to  c a u s e  the  rupture of  
the  c rus t  w a s  expressed  in KPa. The main objective of  this m e a su re m e n t  
w a s  to  obtain an est imation  of the  res istance th a t  a s e e d  would enco u n te r  
w h e n  penet rat ing the  crust .
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Figure 5 .1 .  Modified pene t rom ete r  used  to  m easure  c rus t  s trength .
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Management practices
Three  m a n a g e m e n t  pract ices  bare,  gypsum -am ended ,  pro tec ted  were  
evalua ted  a t  tw o  rainfall durat ions  of 3 0  and 6 0  min w ere  evalua ted .  The 
su r face  of  the  protec ted  soil w a s  covered with a 2 -mm m esh  sc reen  s e t  3 
cm  ab o v e  the  soil su r face  to simulate a vegetat ive cover.  In the  gypsum- 
a m e n d e d  soil, an applicat ion rate corresponding to 5 ton /ha  of  gypsum  w a s  
sp read  on the  surface.  The am oun t  of gypsum w a s  based  on a 
recom m endat ion  given by Ben-Hur e t  al. (1992).  Tw o  crops  w ere  used:  
so y b e a n  and corn.  Planting depth  w a s  2 .5  cm, in row s  having a width of 
3 .5  cm. S oybean  and corn  varieties used were  Buckshot  7 2 3  and Delta 
Pineland 4 5 8 1 ,  respectively.
Experimental design
A split-split plot with randomized block des ign with tw o  repeti tions 
w a s  employed.  Each of the  tw o  rainfall durat ions w a s  applied to  a s e t  of 
th ree  boxes .  Each s e t  w a s  considered  as  the  whole  plot in eac h  soil. Each 
one  of  th e  th ree  m a n a g e m e n t  pract ices w a s  in each  one  of th e  boxes  of  
the  whole  plot. The  middle plot w a s  one box. Corn w a s  planted in one 
half of  e ac h  box and s o y b e a n s  in the  o ther  half. Analysis  of  var iance and 
m e an  separa t ion  t e s t s  w ere  performed using the  Stat istical Ana lyses  
Program (SAS Institute, Cary,  North Carolina, USA, 1993) .
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Discussion of Results 
Infiltration rate
The infiltration rates for the soils of  Mexico and  Louisiana with bare,  
p ro tec ted ,  and gypsum-am ended  soils are s h o w n  in Figure 5 .2 .  In eac h  of 
the  six soils, the  initial infiltration rate w a s  control led by th e  rainfall 
intensity.  The infiltration rate decreased  very rapidly a s  rainfall p roceeded .  
This d e c r e a se  in infiltration rate w as  control led by ei ther sa tu ra t ion  of  the  
soil profile or al terat ion of  the  soil surface due  to  soil dispersion.  This t rend 
to  d e c re a se  infiltration rate can result from a gradual  deteriorat ion of  soil 
s t ruc tu re  and formation of  a surface c rus t  (Morin and Benjamini, 1977 ;  
Hillel, 1980;  and Kazman et  al., 1983).
In the  c a s e  of Asogueros ,  soil dispersion w a s  the  main fac to r  in 
reducing the  infiltration rate in all three soil t r ea tm en ts .  It is impor tan t  to 
point  ou t  th a t  a high WDCI w a s  found in the  initial soil character iza t ion of 
this soil (Table 5.1) . The elapsed time a t  the  beginning of  runoff (ponding 
time) w a s  only 5 min in the  Asogueros  soil, com pared  to  2 0  to  25  min in 
the  Coteau  and  Olivier, respectively.  The co r re s p o n d en ce  b e tw e e n  ponding 
t ime and WDCI is illustrated in Figure 5.3 .  In general ,  t h e  high WDCI 
va lues  in the  soils of  Mexico co r responded  with the  early ponding t imes  in 
th e s e  soils. These  results agree  with the  findings of Miller and  Bharuddin 
(1986),  w h o  observed  a reduction in the  infiltration rate b e c a u s e  of sealing 
of  the  soil su r face  in soils with WDCI values  above  0 .5 .
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Figure 5.2.  Infiltration rates of the soils of Mexico and Louisiana with bare, p ro tec ted ,  and gypsum-amended  
soils.
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Table 5.1. Selected physical and chemical soil properties from the  soils of Mexico
and Louisiana.
Soil
Series
WDCIt S i 0 2 a i 2o 3 Fe20  3 C a C 0 3 Gypsum
0//O
Gigger 0 .5 0 1.09 0 .5 7 0 .4 9 - -
Olivier 0 .18 1.09 0 .4 9 0 .2 8 - -
Coteau 0.21 1.18 0 . 5 0 0 .1 9 - -
Asogueros 0 .8 3 4 .38 1.46 0 .0 7 3.9 -
Sandovales 0 .79 4.51 1 .42 0 .0 8 - 0.0
Reforma 0 .7 9 4 .02 1.15 0.02 11 .4 0 .3 3
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A positive effec t  on infiltration rate w a s  found in all six soils w h e n  
g y psum  w a s  added  to the  surface .  Ponding t ime w a s  de layed 
approximate ly  5 min, exce p t  in Asogueros.  The  tw o  m o s t  marked 
exam ples  of  increasing the  infiltration rate were  d e tec te d  in the  Asogueros  
and Olivier, in the  Asogueros ,  the infiltration rate ranged from 4 0  to  15 
mm /h  in the  gypsum -am ended  soil, compared  to 20  to  15 mm/h  in the  bare 
soil. In general,  infiltration rate increased in all six soils. It is a s s u m e d  tha t  
Ca coming from the  dissolution of  gypsum added  to the  su r face  brought 
ab o u t  f locculat ion of d ispersed  colloids in the  soil surface .
The  infiltration rate cu rves  for the  protec ted  and bare soils indicate 
t h a t  ponding t ime occurred  a t  the s a m e  time for both,  e x ce p t  in the  Gigger 
and Olivier. However ,  a noticeable reduction in the  infiltration rate w a s  
m e asu re d  in the  pro tec ted  soil th roughout  the  rainfall ev e n t  in all six soils 
(Figure 5.2) .  For example,  the  final infiltration rate in the  p ro tec ted  soil of 
the  A sogue ros  w a s  6 mm/h compared  to  15 mm/h for the  bare  soil. This 
infiltration rate reduction indicates tha t  the  soil su rface  w a s  more severe ly 
sea led  in the  pro tec ted  soil than  in the  bare or g y psum -am ended  soils.
An increase in infiltration rate caused  by the  con t inuous  pounding of 
the  su r face  by raindrops w a s  pointed out  by Seginer and Morin (1970)  and 
Maulen e t  al (1990).  This increase in infiltration rate resulted from opening 
up the  bom barded  su rface  crus t .  In this s tudy  the  principal reason  for the  
reduct ion  in infiltration rate in the  protec ted  soil w a s  the  protec t ion of  the
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soil su r face  agains t  the  direct impact  of  raindrops. Dispersed clay-size 
particles w ere  not  removed and w as h ed  out,  but  left in place to  clog and 
seal  the  soil surface .  These  results are suppor ted  by th e  lower am o u n t  of 
clay in sed im ent loss in the  protec ted  soils (12%) com pared  to  the  bare 
soils (22%) (Table 5.2).  A thin layer formed and w a s  not  al tered by 
raindrops as  in the  c a s e  of  the  bare and gypsum -am ended  soils w he re  
raindrops ac ted  as  small bombs  continuously destroying this  thin su r face  
layer and avoiding the  clogging of soil pores.  Dispersed soil particles were  
removed by runoff in the  bare soil and gypsum -am ended  soils.
Soil erosion
The cont inuous  disruption of the  soil su rface  by raindrop impact  in 
th e  bare  and gypsum -am ended  soils resulted in an increase in sed im en t  loss 
th rough  runoff. The beneficial effec t  of su rface  cover to  p reven t  soil 
erosion is apparen t  in s tudie s  tha t  com pared  soil loss in covered  and  bare 
su r faces  (Lai, 1990;  Miller and Radcliffe, 1992).  In this s tudy ,  reduction of 
sed im en t  loss fell b e tw ee n  41 to 6 7 %  in all six soils w h e n  the  soil su r face  
w a s  p ro tec ted  com pared  to  the  bare soil, and a reduct ion in s ed im en t  loss 
of  19  to  4 5 %  w a s  ob ta ined w hen  soils w ere  am en d ed  with  g y p s u m  
com pared  to  the  erosion in the  bare soil (Table 5.3).  In general ,  a 
co r re s p o n d en ce  w a s  found be tw een  sed im ent loss and the  WDCI w here  
th e  soils of  Mexico had the  highest  values of sed im ent loss and  WDCI 
(Figure 5.4) .
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Table 5 .2 .  Particle size distribution of sed im ent loss in the  soils of  Mexico
and  Louisiana.
Soil
Series
Surface
M anagem en t
Sand Silt Clay
------% ----------
Gigger Bare 1 65 3 4
Gypsum 1 68 31
Protec ted 2 89 9
Olivier Bare 4 81 15
Gypsum 6 81 13
Protec ted 6 9 2 2
Coteau Bare 2 92 6
Gypsum 3 91 6
Protected 1 96 3
Asogueros Bare 5 65 30
Gypsum 3 69 28
Protec ted 3 67 20
Sandovales Bare 55 3 0 15
Gypsum 51 35 14
Protected 38 50 12
Reforma Bare 17 4 9 3 4
Gypsum 12 61 27
Protected 5 70 25
147
Table 5 .3 .  Effect of m a nagem en t  pract ices on soil eros ion  in the  soils
of  Mexico and Louisiana.
Soil
Series
Surface
Managem ent
Sedim ent Reduction 
in Erosion
Gigger Bare
(g/m2)
1 7 2 .3 4
(%)
Gypsum 1 0 5 .0 0 3 9
Protected 7 4 . 1 7 57
Olivier Bare 1 7 4 . 4 4
Gypsum 1 1 3 .6 5 35
Protected 7 4 . 3 7 57
Coteau Bare 2 0 4 . 1 3
Gypsum 1 2 7 .2 6 3 8
Protected 8 4 . 6 6 59
Asogueros Bare 2 3 3 . 0 6
Gypsum 1 7 2 .2 6 26
Protected 1 1 2 .2 6 52
Sandovales Bare 3 7 6 . 8 2
Gypsum 2 2 3 . 3 8 41
Protected 1 2 3 .2 8 67
Reforma Bare 2 4 6 . 6 3
Gypsum 1 8 1 .9 7 26
Protected 1 4 6 .6 7 41
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Figure 5 .4 .  Relationship b e tw e e n  sed im ent  loss and water-dispersible  
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Crust strength
The effec t  of m a n ag em e n t  pract ices  and rainfall durat ion on crus t  
s t reng th  in soils of  Mexico and Louisiana is illustrated in Figure 5 .5 .  A 
more impenetrable c rus t  developed after 6 0  min of rainfall, com pared  to  a 
30-min rainfall even t .  Soil moisture played an impor tan t  role in determining 
c rus t  s t reng th  during the  drying period. The increase in c rus t  s t reng th  
during this period w a s  negatively correlated to a quadrat ic  express ion  of  
soil moisture (Figure 5.6).  It is widely acc ep ted  th a t  a relat ionship exists  
b e tw e e n  soil s trength  and  soil moisture (Hussein e t  al., 1985 ;  Josh i ,  1987;  
and Rot, 1992) .  This relationship illustrates h o w  crus t  s t reng th  increases  
a s  soil moisture dec re a se s .
The highes t  value of  crus t  s t rength  occurred  on the  s ev en th  day  of 
drying in five of the  six soils. The one  exception w a s  the  Asogueros ,  
w h e re  the  highes t  value of  crus t  s t rength  w a s  obta ined  on the  fifth day.
Analyses  of variance of crus t  s trength  on the  s e v e n th  day  of  drying 
(fifth day  for Asogueros)  af te r  rainfall simulation revealed a signif icant  
ef fec t  ( p < 0 . 0 5 )  related to  m anagem en t  pract ice x rainfall-duration for five 
of  the  soils. The except ion in this case  w a s  the  Reforma (Tables 5 . 4  and 
5.5) .  W hen  rainfall durat ion w a s  60  min, c rus t  s t reng th  w a s  9 0 %  higher in 
th e  soils of  Mexico com pared  to tha t  in soils of Louisiana. W hen  rainfall 
durat ion  w a s  3 0  min, c rus t  s trength  w a s  2 5 %  higher in th e  soils of Mexico 
than  in soils of Louisiana.
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Figure 5.5.  Effect of m anagem e n t  pract ices and rainfall duration in crus t  s t rength in the soils of Mexico and 
Louisiana.
cn
o
Cr
us
t 
St
re
ng
th
 
(K
Pa
) 
(T
ho
us
an
ds
)
151
24 
20 
16 
12 
8 
4 
0
0 10 20 30 40 50
Soil Moisture (%)
Figure 5 .6 .  Relationship be tw een  crus t  s trength  and soil moisture.
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Table 5 .4 .  Effect of m a nagem en t  pract ices and rainfall durat ion in the 
crus t  s t reng th  at  the  seven th  day after  rainfall s imulat ion in 
the  soils of  Louisiana.
Soil
Series
Surface
M anagem ent
Rainfall
Duration
Crust  S treng th
(min) (KPa)
Gigger Bare 30 5 , 7 2 2 c e t
60 12 , 6 0 7 a b
Gypsum 3 0 1 0 ,9 2 2 b
60 1 2 , 7 8 0 a
Protected 30 4 , 0 3 7 d e
60 6 , 9 1 0 c d
Olivier Bare 30 3 , 9 1 3 b
60 4 , 1 1 1 b
Gypsum 30 3 , 9 6 2 b
60 8 , 1 2 3 a
Protected 30 4 , 1 9 5 b
60 4 , 2 1 0 b
Coteau Bare 30 4 , 9 5 4 d
60 6 , 6 8 7 b c
Gypsum 30 5 ,8 9 5 c
60 6 ,9 3 5 a b c
Protected 30 4 , 9 5 4 d
60 7 ,4 8 0 d
t  Means  followed by the  sam e  letter are not  significantly
different a t  the  0 .0 5  level of probability accord ing to  the
LSD test .
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Table 5 .5 .  Effect of  m a nagem e n t  pract ices and rainfall durat ion in the  
c rus t  s t reng th  at  the  s even th  day  after  rainfall s imulat ion in 
the  soils of  Mexico.
Soil
Series
Surface
M anagem en t
Rainfall
Duration
Crust  S treng th
(min) (KPa)
Asogueros Bare 3 0 5 , 7 4 6 d t
60 9 , 2 6 3 c
Gypsum 3 0 1 1 ,0 7 1 b
6 0 1 5 , 1 0 8 a
Protected 3 0 5 ,2 5 0 d
60 1 1 ,6 6 5 b
Sandova les Bare 3 0 12 ,0 3 7 d
6 0 17 , 5 3 5 b c
Gypsum 3 0 8 , 1 24e
6 0 2 0 , 9 7 8 b c
Protected 3 0 1 4 , 4 1 5cd
60 2 5 , 4 7 8 a
Reforma Bare 3 0 1 0 , 8 2 3 a
60 1 0 , 8 4 8 a
Gypsum 3 0 1 0 , 8 4 8 a
60 1 3 , 4 2 4 a
Protected 3 0 8 , 1 2 4 a
6 0 1 0 , 4 5 2 a
t  M eans  fol lowed by the  s a m e  letter are not  s ignificantly
different  a t  the  0 .0 5  level of  probability according to the
LSD te st .
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A varied re sponse  in c rus t  s trength  w a s  observed  w h e n  gyp su m  w a s  
used  as  a soil am endm en t .  Crust  s trength  increased 7 4 %  and  5 1 %  in the  
A so g u e ro s  and  Olivier, respectively,  with r e sp ec t  to  c rus t  s t reng th  in the  
bare  soil. No significant increase in c rus t  s t reng th  w a s  d e tec te d  in 
Sandova les .  T hese  results  s u g g e s t  tha t  the  gyp su m  added  to  th e s e  soils 
mainta ined C a2+ and S 0 42 activities at  a level th a t  al lowed g y psum  to 
precip i ta te during the  drying process .  As a result,  the  precipi tated gypsum  
ac ted  a s  a cem ent ing  ag e n t  in the crus t  as  it dried, increasing c rus t  
s t reng th .
The lack of  an increase  in crus t  s trength  observed  in the  Sandova les  
soil is apparen tly  due  to the  fact  tha t  this soil w a s  the  only one  having 
g y p s u m  initially p resen t  in its nat ive s ta t e  (). The  increase of c rus t  s trength  
d e t e c te d  in the  o ther  soils due to the g ypsum -am ended  soil w a s  eliminated 
by th e  p re sence  of nat ive gypsum acting as  a cem ent ing  ag e n t  in the  bare 
and p ro tec ted  soils of the  Sandovales.
The  c rus t  s trength  in the pro tec ted  soil of  the  Gigger w a s  2 9 %  lower 
th a n  th a t  in the  bare soil. The  crus t  s trength  of  the  Reforma pro tec ted  soil 
w a s  1 7 %  lower than  tha t  in the  bare soil. T hese  reduc tions  in c rus t  
s t reng th  w e re  related to  the  higher moisture co n te n t  of  th e s e  soils on the  
s e v e n th  day,  reflecting the  importance  of finding al ternat ive m a n a g e m e n t  
prac t ices  which  al low the  soil to  conserve  moisture for longer periods of 
time.
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The soils of Mexico had higher values of WDCI and am o rp h o u s  Si 
than  the  soils of Louisiana (Table 5.1).  These  tw o  proper t ies  are cor related 
with c rus t  s t reng th  (Figures 5 .7  and 5.8).  The higher c rus t  s t r eng th  of  the  
soils of Mexico is possibly due to the higher binding ef fec t  of d ispersed  
clay am ong  soil particles. In the  sam e  manner,  the  higher am o rp h o u s  Si 
c o n t e n t  of the  soils of Mexico possibly al lows for s t ronger  c em en ta t ion  of 
soil particles.  Furthermore,  the  combined effec t  of having clay in a highly 
d ispersed  s ta t e  combined  with an elevated am orphous  Si c o n t e n t  would 
favor  condit ions  for c rus t  development th rough particle bridging or 
cem en ta t ion  (Chartres and Fitzgerald, 1990).
The use  of the  s tepw ise  multivariate model revealed th a t  silt con ten t ,  
rainfall durat ion,  organic carbon (OC), gypsum,  and sodium adsorp tion  ratio 
(SAR) w ere  the  major soil characteris t ics  having signif icant e f fec t s  
( p < 0 . 1 5 )  th a t  influenced crus t  s trength  (Table 5.6).  These  results  indicate 
th a t  c rus t  s t reng th  is related more to physical than  chemical  propert ies  as  
th e  partial r2 for silt c o n ten t  and rainfall-duration is 0 .5 2 .  Organic ca rbon ,  
gypsum ,  and  SAR produce  a combined r2 of only 0 .2 3 .  The inclusion of 
OC c o n te n t  in the  soils a s  a factor  which reduces  c rus t  s t reng th  is 
explained by the  im provement of soil aggregation in soils with  higher OC 
con ten t .  Gypsum, a s  d iscussed  earlier in this chap ter ,  increased  crus t  
s t reng th  by cementing  particles toge ther ,  and high SAR values  enco u ra g ed  
dispersion in the  crust.
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Table 5 .6 .  S tepwise  multiple regression of fac tors  influencing crus t
s tr eng th .
Variable Cons tan t Partial r2 P >  F
Silt -40.61 0 . 4 0 3 7 0.0001
Rainfall-Duration 1 0 8 .9 0 0 . 1 5 2 0 0.0001
Organic Carbon - 3 7 7 9 .6 0 0 . 1 0 3 7 0.0001
G ypsum 5 1 8 .5 0 0 . 0 5 9 9 0 . 0 0 0 3
SAR t 4 7 2 . 0 7 0 . 0 3 5 4 0 . 0 0 3 0
Intercept 6 6 5 9 . 3 7
I  r2 0 . 7 5 4 7
t  Sodium Adsorption Ratio
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Corn and so y b e a n  em erg en ce
The  e f fec t  of m a n a g e m e n t  pract ices and rainfall-durat ion on corn and 
soybean  e m e rg e n c e  is s h o w n  in Figure 5.9.  The analysis  of  var iance for 
corn revealed a s ignificant ( p < 0 . 0 5 )  m anagem en t  pract ice x rainfall- 
durat ion interact ion ef fec t  in Olivier, Asogueros,  and Reforma (Tables 5 .7  
and 5.8) . The  interact ion of  the  gypsum -am ended  soil x 6 0  min rainfall 
duration d e c re a se d  the  em ergence  of corn for the  A so g u e ro s  (98%),  
Sandova les  (41 %),  and Reforma (300%) com pared  to  e m e r g e n c e  in the 
g ypsu m -am en d ed  soil x 3 0  min rainfall-duration.
Seedling e m e rg e n c e  w a s  reduced 5 0 %  for corn  in t h e  Olivier, for the 
interact ion bare  soil x 6 0  min rainfall-duration com pared  to  th e  bare soil x 
3 0  min rainfall-duration. In general,  there w a s  a t rend  to  d e c r e a s e  
em e rg e n c e  of  corn  w h e n  rainfall duration increased from 3 0  to  6 0  minutes.  
This reduction  w a s  more  pronounced in the soils of Mexico (55 to  95% )  
than  in soils of  Louisiana (5 to 20%).  Corn em e rg e n c e  increased  2 1 %  only 
in the  p ro tec ted  A sogue ros  soil compared  to  th a t  in the  ba re  soil.
A s t e p w is e  multivariate model indicated th a t  a m o rp h o u s  Si, rainfall 
durat ion,  gypsum ,  soil moisture a t  the  fifth day,  and OC w e r e  the  factors  
th a t  s ignificantly ( p < 0 . 1 5 )  influenced the em e rg e n c e  of  co rn  (Table 5.9).  
The p resence  of  rainfall duration in this model coincides with  th e  model  for 
crus t  s t reng th  in which  rainfall durat ion w as  one of  the  m o s t  dominan t  
factors .
Se
ed
lin
g 
Em
er
ge
nc
e 
(%
)
100 Asogueros
80
60
40
20
Sandovales Reforma
100
80
60
40
20
B-30 G-30 -30
Coteau
R X X 
X 
X 
X
3-60 G-60
Gigg
a
Olivier
-60 B-30 G-30 P-30 B-60 G-60 P-60 B-30 G-30 P-30 B-60 G-60 P-60
Management Practices-Rainfall Duration (min)
Corn
B = Bare G = Gypsum
Soybeans 
P = Protected
Figure 5.9.  Effect of  m anagem e n t  pract ices and rainfall duration on corn and soybean  emergence . cn
CD
160
Table 5 .7 .  Effect of  m a nagem e n t  pract ices and rainfall durat ion in
corn  and  soybean  em ergence  in the  soils of  Mexico.
Soil
Series
Surface
M anagem en t
Rainfall
Duration Corn S oybeans
(min) -  % ----------
Asogueros Bare 3 0 8 0 b t Oa
60 60b Oa
Gypsum 3 0 9 9 a 9a
60 50c Oa
Protected 30 100a Oa
60 70b Oa
Sandovales Bare 30 79a 8c
60 4 2 a Od
Gypsum 3 0 100a 17b
60 71a Od
Protected 3 0 8 3 a 54a
60 4 6 a Od
Reforma Bare 3 0 100a 8 b
60 75a Oc
Gypsum 3 0 100a 8 b
60 2 5 c Oc
Protected 3 0 100a 63a
60 54b 8 b
t  Means  followed by the  s a m e  letter are not  significantly
different at  the  0 .0 5  level of  probability according to  the
LSD test .
Table 5 .8 .  Effect of m a nagem e n t  prac t ices  and rainfall durat ion
corn and  soybean  em ergence  in the  soils of  Louisiana.
Soil
Series
Surface
M anagem en t
Rainfall
Duration
Corn S o y b e a n s
(min) - % ----------
Gigger Bare 30 9 8 a t 4 6 a
60 100a 8a
G ypsum 3 0 100a 21a
60 100a Oa
Protected 30 100a 54a
60 9 9 a 3 7 a
Olivier Bare 30 100a 21a
60 50b 17a
Gypsum 3 0 100a 8 3 a
60 100a 50a
Protec ted 3 0 100a 9 8 a
6 0 100a 8 5 a
Coteau Bare 3 0 100a 5 0 a
60 95 a 17b
Gypsum 3 0 100a Oc
6 0 9 5 a Oc
Protected 3 0 100a 50a
60 90 a 17b
t  M eans  fol lowed by the  s a m e  letter are no t  s ignificantly
different  a t  the  0 .0 5  level of  probability according to  the
LSD test .
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Table 5 .9 .  S tepw ise  multiple regression of  fac tors  influencing corn
em ergence .
Variable Constant Partial r2 P > F
S i 0 2 -0 .1 5 4 2 0 . 3 1 4 6 0.0001
Rainfall-Duration -0.0122 0 . 0 9 2 5 0.0001
G ypsum 0 . 0 5 2 9 0 . 0 5 6 4 0 . 0 0 1 9
Moisture (5th day) 0 . 0 1 5 2 0 . 0 3 6 0 0 . 0 3 1 6
Intercept 1 .8657
0 . 4 9 9 5
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In the  c a s e  of soybeans ,  the  analysis of variance s h o w e d  a 
significant ( p < 0 . 0 5 )  m a n a g e m e n t  pract ice x rainfall-duration interact ion 
ef fec t  in Coteau ,  Sandovales,  and Reforma soils (Tables 5 .7  and 5.8) . 
Seedling em e rg e n c e  of s o y b e a n s  in the  Coteau  soil w a s  reduced by 
approximate ly 6 0 %  w h e n  the  rainfall duration increased from 3 0  to  6 0  
minutes  in the  bare and gypsum -am ended  soils. W hen  gypsum  w a s  added  
to  the  soil surface,  no em erg en ce  of soybeans  w a s  observed  in the  Coteau  
soil. In the  Sandovales ,  no em ergence  of so y b ean s  w a s  obse rved  w h e n  
rainfall durat ion increased from 3 0  to 60  min. A similar t rend w a s  obta ined 
for the  Reforma soil, e x ce p t  for an em ergence  of 8 % in the  pro tec ted  soil x 
6 0  minu tes rainfall-duration. In general ,  there  w a s  a t rend to  d e c re a s e  the  
e m e rg e n c e  of s o y b e a n s  w h e n  the  rainfall durat ion increased from 3 0  to  60  
minutes.  A very  low em erg en ce  rate of  soybeans  w a s  observed  in the  soils 
of Mexico (10%) and soils of Louisiana (36%).
This ef fec t  is explained by the  different physiological and 
morphological character is t ics  of  corn and soybeans .  The  em e rg e n c e  of 
corn occurred  during the  fourth or fifth day  after planting,  while em erg en ce  
of s o y b e a n s  occurred  in the  sixth and seven th  days .  As d i scussed  earlier, 
maxim um crus t  s t reng th  w a s  reached on the  seven th  day  so  th a t  corn 
seed lings  w ere  not  subjected  to  the  more impenetrable c ru s t s  th a t  the  
s o y b e a n s  were .  Another  factor  which favored a higher e m e rg e n c e  of  corn 
w a s  th a t  the  sprou t  emerged  with almost  no interference of the  first
1 6 4
plumular  leaf. In the  c a s e  of  soybeans ,  the  co ty ledons  are needed  to  
develop  a strong  coleoptile before em erge .  If the  c rus t  is too  hard,  the  
coleoptile is easily dam aged ,  leading to  no or reduced em ergence .
The use of the  s tepw ise  multivariate model revealed th a t  soil 
moisture  c on ten t  a t  the  fifth day  of the  drying period, rainfall durat ion and 
total  clay w ere  the  major soil character is t ics  having a significant e f fec t  
( p < 0 . 1 5 )  which influenced soybean  em ergence  (Table 5 .10).
Rainfall durat ion and soil moisture con ten t  on the  fifth day  w e re  tw o  
c o m m o n  factors  which determined  the  em ergence  of corn  and  so y b ean s .  
From th e s e  t w o  factors ,  rainfall durat ion w a s  also d e tec te d  a s  an important  
fac tor  influencing c rus t  s trength  as  d iscussed  earlier in this chap te r .  These  
results  indicate tha t  rainfall durat ion is the  principal factor  affect ing crus t  
s t reng th  and seedling em ergence  of corn and s o y b e a n s  a t  th e  rainfall 
intensit ies  used  in this s tudy.
S um m ary  and Conclusions
Early ponding t imes in the soils of Mexico w ere  related to  high values 
of  WDCI. An increase  of 5 min in ponding t ime w a s  d e tec te d  in all six soils 
w h e n  they  were  am ended  with gypsum.  A high infiltration rate (40 to 2 0  
mm/h) w a s  m easured  in soils am ended  with gypsum  during the  rainfall 
s imulat ion com pared  to a low infiltration rate (20 to  15 mm/h) of  t h e  bare 
soil. The ponding time in all the  protec ted  soils w a s  the  s a m e  as  in the
Table 5 .10 .  S tepw ise  multiple regression of  fac tors  influencing
s o y b ean  em ergence .
Variable Cons tan t Partial r2 P > F
Mosture  (5th day) 0 . 0 2 4 9 0 . 3 2 3 8 0.0001
Rainfall-Duration -0 .0 1 0 5 0 . 1 6 0 0 0.0001
Total clay - 0 .0 3 5 0 0 . 1 4 6 7 0.0001
Intercept 1 .1985
1 r2 0 . 6 3 0 5
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bare soils. A reduction in infiltration rate from 15 mm/h  in th e  bare  soil to 
6 mm/h  in the  pro tec ted  soil w as  de tec ted  in the  A sogue ros  and  w a s  
at tr ibuted  to the  formation of a surface  seal in the  pro tec ted  soil.
Soil erosion w a s  reduced 41 to 6 7 %  w h e n  soil su r faces  w e re  
p ro tec ted ,  com pared  to erosion m easured  in bare soils. W hen  soils w ere  
am e n d e d  with gypsum,  erosion dec reased  by 1 29  to  6 7 %  co m p ared  to 
eros ion  in bare soils.
Crus t  s t reng th  increased 9 0  and 2 5 %  in the  soils of  Mexico and 
Louisiana,  respectively,  w hen  rainfall durat ion increased from 3 0  to  6 0  min. 
W hen  gyp su m  w a s  added  to soil surfaces ,  c rus t  s t reng th  increased  by 
7 4 %  in the  A sogueros  and 2 1 %  in the  Olivier, com pared  to  th e  bare  soil.
No dif ferences  w ere  observed  in Sandovales  which has  a nat ive gypsum  
c o n te n t  of  0 . 3 3 % .  Crust  s t rength  d ec reased  only in the  p ro tec ted  soil of 
the  Gigger (29%) and Reforma (17%),  relative to  the  bare soil. The  higher 
va lues  of  c rus t  s t rength  in the  soils of Mexico w ere  related to  high values  
of WDCI and am orphous  Si. Crust  s trength  increased by 1 0 0 %  in Olivier 
w h e n  g y psum  w a s  used  a s  a soil am e n d m e n t  co m pared  to  t h a t  in th e  bare 
soil. Factors  related to c rus t  s t rength  were  silt con ten t ,  rainfall durat ion,  
gypsum ,  and SAR. From th e se  fac tors ,  silt and rainfall durat ion explained 
5 2 %  of the  variability of c rus t  s trength  while the  o ther  fac to rs  explained 
only 2 3 % .
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There w a s  a dec re ase  in corn em ergence  in the  soils of Mexico (55 
to  9 5 % )  and soils of  Louisiana (5 to 20%) w hen  rainfall durat ion increased 
from 3 0  to  6 0  min. Emergence  of corn w a s  increased by 21 % in the  
pro tec ted  soil of  the  Asogueros.  Factors related to the  em e rg e n c e  of corn 
w ere  am orphous  Si, rainfall duration,  gypsum,  and soil moisture in the  5th 
day.  Emergence  of so y b ean s  w a s  more severe ly af fected  than  th a t  of 
corn.  The percen t  of soybean  em ergence  w a s  only 10%  in the  soils of 
Mexico, com pared  to  3 6 %  in the  soils of Louisiana. Factors related to  
e m e rg e n c e  of s o y b e a n s  w ere  rainfall durat ion and soil moisture on the  5th 
day  after  rainfall simulation.
Based on th e s e  results,  the  following conclusions  are made.  
Infiltration rate into dry soil is initially governed  by rainfall intensity.  As 
rainfall p roceeds  and the  soil matrix b ecom es  sa tu ra ted ,  the  infiltration rate 
is governed  by hydraulic properties of the  soil. However ,  al terat ion of  the  
soil su r face  may influence the  infiltration rate, even  in unsa tu ra ted  soils.
Sealing of  the  su rface  by chemical dispersion and  the  sheltering 
ef fec t  provided in the  protec ted  soils reduced infiltration rate.  The  opposite  
effect ,  an increase  in infiltration rate occurred  in the  unpro tec ted  soils 
w h e re  the  soil su r face  w a s  continuously a t tacked  by raindrop impact .
The continual  disruption of the  soil su rface  by raindrops increased 
physical  dispersion of agg rega te s  and,  consequent ly ,  soil erosion.  The 
increase of  electrolytes in soil solution from the  gypsum  a m e n d m e n t
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improved soil aggregat ion .  This effec t  on soil aggrega tion  w a s  reflected in 
higher infiltration rates in the  gypsum am ended  soils com pared  to  the  bare 
soils. The  increase in soil aggregation by gypsum  dec re a se d  soil erosion 
com pared  to  the  bare soil. However ,  the  highes t  reduct ion in soil erosion 
w a s  obta ined  in the  pro tec ted  soils.
Increased crus t  s trength  w a s  related to 1) the  d eg ree  of compaction  
result ing from rainfall impact  on the  su rface  and 2 ) precipitation of 
cem en t ing  a g e n t s  in the  crus t .  Soils with high levels of  am orp h o u s  Si and 
high WDCI, combined with long rainfall durat ion developed  the  hardes t  
c rus ts .  In this s tudy,  soil texture ,  rainfall durat ion, gypsum,  and SAR were  
identified a s  the  main fac tors  affect ing c rus t  s trength .
The major impact  of  soil crusting in agriculture is its e f fec t  on 
seedling em ergence .  Corn and soybean  em erg en ce  w a s  negatively af fec ted 
w h e n  rainfall durat ion of the  sam e  intensity increased.  The  m os t  obvious 
explanat ion of the  success fu l  em ergence  of corn is th a t  it sp rou ts  and 
e m erg es  during moist  s t a g e s  before maximum crus t  s t reng th  is deve loped.  
S o y b e a n s  w ere  s lower  in sprouting,  and em ergence ,  w h e n  it occurred ,  took  
place afte r  more ex t reme condit ions of c rus t  ha rdness  had developed  in the 
later s t a g e s  of  drying.
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CHAPTER 6 
SUMMARY AND CONCLUSIONS
The higher values of  WDCI in the  soils of  Mexico (0 .79  to  0 .83 )  
com pared  to  those  in the  soils of Louisiana (0 .18  to  0 .50 ) ,  con t r ibute  to 
the  mass ive  s truc tu re  and sealing of the  soil su r face  obse rved  in th e  soils 
of Mexico.  The  morphology of  the crus t  a t  the  end of  c rus t  formation in 
the  soils of Louisiana soils revealed a com pac ted ,  0 . 1 -mm sur face  layer, 
consist ing of single clean grains in the  bare and g y p s u m  soils. Fine 
material accumula ted  in the  surface of the  pro tec ted  soils of Mexico and 
Louisiana.
The formation of  a thin layer of clay size material in th e  soil su r face  
played an important  role in soil erosion and infiltration. Soil erosion w a s  
reduced  52  and 3 9 %  in the  protec ted soils of Mexico and Louisiana,  
respectively.  A reduction in infiltration rate of  9 mm/h  w a s  a t t r ibuted to 
the  formation of  a seal in the  protec ted  soil com pared  to  th e  bare  soil in the  
Asogueros .  In general ,  the  final infiltration rate w a s  lower in the  p ro tec ted  
than  th a t  in the  bare soils for all six soils.
The addition of  gypsum influenced soil aggrega tion  in th e  sur face,  
especially in the  soils of Louisiana and Sandovales .  This aggrega tion  ef fec t  
reduced  soil loss by 3 2  and 3 9 %  in the  soils of Mexico and  soils of 
Louisiana, respectively.  A high infiltration rate (20 to  4 0  mm/h) w a s
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m e asu re d  in soils am ended  with gypsum during rainfall s imulation 
co m pared  to  a lower infiltration (15 to  20 mm/h) in the  bare soil.
Regarding the  p resence  and distribution of cem en t ing  ag en t s ,  no 
significant  difference w a s  de tec ted  in the  accumula t ion of  free Fe oxides or 
a m o rp h o u s  Si and Al in the  crus ts ,  relative to the subsu r fa ce  zones  in any 
of th e  t r e a tm e n t s  or soils. Bridges of  the  following cem ent ing  a g e n t s  were  
d e t e c te d  in c rus ts  of bare soils by the  SEM/XRF: am orphous  Si in the  
Reforma and  Coteau ,  free Fe oxides in the  Sandovales  and Olivier, gypsum  
in th e  Asogueros ,  and calcite in the Gigger. Calcite w a s  d e tec te d  by 
chemica l  analysis  in all c rus ts  w hen  soils w e re  am ended  with gyp su m  and 
in th e  non-gypsum  am en d ed  soils of the  Sandova les .  G ypsum  co n te n t s  
ranged  from 0 . 4  to  2 .9 % .  Gypsum w a s  also de tec ted  by chemical  analysis 
in th e  c ru s t s  of  the  non-gypsum am ended  Reforma and  A sogue ros  soils, 
and  ranged  from 1.6 to 6 %. No gypsum could be d e tec te d  in the  initial 
chemica l  analysis  of th e se  tw o  soils.
The  solubility diagrams for calcite revealed a s y s t e m  in equilibrium 
with calci te in the  Asogueros,  Reforma,  and Coteau.  In the  c a s e s  of the 
Gigger, Olivier, and Sandovales,  concent rat ion  of soil solution to  near  
d ry n es s  illustrated the  moisture c o n ten t  (70%) at  which precipi tation of 
calcite  probably occurred .  Two compet ing react ions w ere  identified during 
the  concen t ra t ion  of soil solutions to near  dryness .  Alkalinity dominated  
the  drying period of the  soils of Mexico as  pH continued  to  increase.
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Precipi tat ion of  calcite dominated the  drying period of the  soils of  Louisiana 
as  pH d ec reased  during the  late s tag es  of crus t  formation.
The higher values of  crus t  s t rength  in the  soils of Mexico ( 5 ,2 5 0  to 
2 5 , 4 7 8  KPa) were  related to high values of WDCI and a m o rp h o u s  Si.
Crus t  s t reng th  increased 9 0 %  and 2 5 %  w hen  rainfall durat ion increased  
from 3 0  to  6 0  min in the  soils of Mexico and Louisiana, respectively.
W hen  gyp su m  w a s  added  to  the  soil, crus t  s trength  in th e  gypsum- 
a m e n d e d  soil increased 7 4 %  in the Asogueros  and 2 1 %  in the  Olivier with 
re spec t  to  the  bare soil. Crus t  s trength  decreased  2 9 %  and  1 7 %  only in 
the  bare  soil of the  Gigger and Reforma respectively.  Factors related to 
c rus t  s t reng th  were  silt content ,  rainfall durat ion,  gypsum,  and SAR.
There  w a s  a dec rease  in corn em ergence  in the  soils of Mexico (55 
to 9 5 % )  and Louisiana (5 to 20%) w hen  rainfall durat ion increased  from 3 0  
to 6 0  min. Emergence of corn w as  increased by 21 % in the  p ro tec ted  soil 
of the  Asogueros .  Factors related to the  em ergence  of corn  w ere  
am orphous  Si, rainfall durat ion, gypsum, and soil moisture in the  5th  day.  
Em ergence  of so y b ean s  w a s  more severely af fec ted by c ru s t  formation 
than  th a t  of  corn.  The percent  of soybean  em ergence  w a s  only 1 0 %  in the  
soils of Mexico,  com pared  to 3 6 %  in the  soils of Louisiana. Fac tors  related 
to  em e rg e n c e  of so y b ean s  were  rainfall durat ion and soil moisture  on  the  
5th  day  after  rainfall simulation.
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1) The soils of Mexico have a greater  probability of  developing d en s e  
c rus ts  than  the  soils of Louisiana. The am oun t  and type  of potential 
cem ent ing  a g e n t s  were  related to the con t ra s t  in weather ing  condi t ions  and 
paren t  material exist ing b e tw ee n  the  arid north-central  part  of  Mexico and 
th e  humid cl imate of Louisiana. Calcite, gypsum and a m o rp h o u s  Si and Al 
may play an important  role in the  cementa t ion  of the  soils of Mexico soils 
while free Fe oxides may be a potential cementing a g e n t  in the  soils of 
Louisiana crus ts .
2) In the  pro tec ted  soils, the  kinetic energy of raindrops w a s  reduced 
w h e n  the  soil su r face  w a s  protected.  This protect ion p reven ted  agg rega te  
dispersion,  particle suspension ,  and particle seg regat ion  a t  the  soil surface .  
This interpretat ion is based  on a general c rus t  morphology cons is t ing  of an 
undisturbed sur face  and a soil matrix dominated by a h o m o g e n e o u s  
particle-size distribution.
3) A ggrega tes  in the  soil su rface  were  des troyed  by raindrop impac t  in 
unpro tec ted ,  non-ca lcareous  soils. Dispersed clay w a s  ei ther  lost th rough  
runoff  or t ranspor ted  to underlying depths.  Consequent ly ,  an upper  0.1 to 
0.2  mm layer formed of clean silt grains underlain by a porous ,  
h o m o g e n e o u s  mixture of sand ,  silt, and clay.
4) The  definitive morphology of the  ca lcareous,  unpro tec ted  soils is a 
nonseg rega ted ,  dispersed,  mass ive sys tem.  There is no layer of  clean silt 
grains a t  the  surface.  It is s u spe c ted  tha t  a very rapid reduction in
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infiltration rate (d iscussed in Chapter  5) occurred  due to  chemical  
dispersion.  This sealing effec t  then  promoted continual runoff  and  erosion 
of  the  d ispersed  sy s tem .  The only morphological r em nan t  is the  mass ive ,  
d ispersed  seal ing layer.
5) The morphology of material cementing  particles toge the r  occurred  in 
t w o  forms.  Bridges b e tw ee n  particles cons is ted of  am orp h o u s  Si, Fe 
oxides,  and gypsum.  Massive  coat ings  cementing  particles toge the r  
cons is ted  of  am orphous  Si, Fe oxides,  and calcite.
6 ) Mineral solubility is a major factor  affect ing the  accumula t ion  of 
cem en t ing  a g e n t s  in soil c rus ts  during evapora t ion.  The  higher 
concen t ra t ions  of gypsum  in the  crus t  relative to the  subsu r face ,  indicate 
th e  soluble nature  of this mineral and its apparen t  mobility. On the  other  
hand,  the  lower solubility of  Fe oxides and am orphous  Al and Si, is 
responsib le for the  a b s e n c e  of  a de tec tab le  accumula t ion of th e s e  
cem en t ing  a g e n t s  in the  c rus t  relative to  the subsoil.  However ,  SEM 
micrographs  and XRF analyses  (Chapter  3) revealed th a t  th e s e  solid p hases  
do  part icipate in the  cementing  process ,  even  though  their mobility may be 
limited.
7) Definite limitations w e re  encounte red  in trying to  examine  ex t rac ts  
from sa tu ra ted  pas tes .  Although calcite could be identified by XRD in soil 
c rus ts ,  solut ions w ere  found to  be undersa tu ra ted  with r e s p e c t  to  this 
mineral.  Most  likely this undersatura t ion is ei ther i) a kinetic limitation
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preventing  calci te from reaching equilibrium in the  s a tu ra ted  pas te ,  or ii) 
calci te is formed in only trace  am oun ts  which are complete ly  dissolved by 
the  pas te  ex t rac t ,  the reby  forcing undersatura t ion upon further  dilution. In 
ei ther  ca s e ,  artificial concent ra t ion of  the solution from the  ex t rac ted  
p a s te s  to near  d ryness  al lows one  to examine w h e th e r  or not  it is possible 
for a mineral to  precipitate.
8 ) T w o  compet ing  react ions were  recognized from the  simulat ion work.  
Precipi tat ion of calcite gene ra te s  protons,  which gene ra te s  acidity. 
Concent ra t ion  of hydroxyl ions in the  soil solution gene ra te s  alkalinity.
T w o  precipi tation p a th w ay s  were  proposed  for calcite from th e  ex t rac t  
solut ions.  One pa thw ay  involves an initial increase  in solut ion pH during 
the  concen t ra t ion  process ,  prior to the  precipitation of calcite.  Upon the  
initiation of  calcite precipitation,  the change  in pH reverses  and d e c re a se s  
with  further  precipitation,  indicating a dominance  of  the  calci te precipitation 
react ion over  the  concent rat ion  of hydroxyl ions. The s e c o n d  p a th w a y  
differs in tha t ,  a t  the  initiation of  calcite precipitation,  pH con t inues  to 
increase ,  indicating tha t  the  concen tra t ion of hydroxyl ions is g rea ter  than  
the  a m o u n t  of protons  genera ted  from the  precipitation of  calcite.
9) Infiltration rate into dry soil is initially governed  by rainfall intensity.  
As rainfall p roceeds  and the  soil matrix b eco m es  sa tu ra ted ,  the  infiltration 
rate is governed  by hydraulic properties of the  soil. However ,  al terat ion of
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the  soil su r face  may influence the  infiltration rate,  even  in unsa tu ra ted  
soils.
10) Sealing of  the  su rface  by chemical  dispersion and the  sheltering 
ef fec t  provided in the  protec ted soils reduced infiltration rate.  The  oppos ite  
effect ,  an increase in infiltration rate occurred  in the  unpro tec ted  soils 
w h e re  the  soil surface  w a s  continuously a t tacked  by raindrop impact .
11) The continual  disruption of the soil su rface  by raindrops increased  
physical  dispersion of agg rega tes  and,  consequent ly ,  soil eros ion.  The 
increase of electrolytes in soil solution from the  gypsum  a m e n d m e n t  
improved soil aggrega tion.  This effec t  on soil aggrega tion  w a s  reflected in 
higher infiltration ra tes in the  gypsum am ended  soils com pared  to  th e  bare 
soils. The inc rease in soil aggregat ion  by gypsum  dec re ase d  soil erosion 
com pared  to  the  bare soil. However,  the highest  reduction in soil erosion 
w a s  ob ta ined in the  protec ted  soils.
12) Increased c rus t  s trength  w as  related to  1) the  degree  of  com pac t ion  
result ing from rainfall impac t  on the  surface and 2 ) precipi tation of 
cem en t ing  a g e n t s  in the  crus t .  Soils with high levels of  a m o rp h o u s  Si and 
high WDCI, combined  with long rainfall duration developed  the  ha rdes t  
c rus ts .  In this s tudy ,  soil texture ,  rainfall durat ion,  gypsum,  and  SAR were  
identified a s  the  main fac tors  affect ing crus t  s trength .
13) The major impact  of  soil crust ing in agriculture is its e f fec t  on 
seedling em ergence .  Corn and soybean  em ergence  w a s  negatively a f fec ted
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w h e n  rainfall durat ion of  the  s a m e  intensity increased.  The  m o s t  obvious 
explanat ion of  the  success fu l  em ergence  of corn is th a t  it sp rou ts  and 
e m e rg e s  during moist  s t a g e s  before maximum crus t  s t reng th  is developed .  
S o y b e a n s  w ere  s lower  in sprouting,  and em ergence ,  w h e n  it occurred ,  took  
place afte r  more  ex t reme conditions of crus t  ha rdness  had developed  in the 
later s t a g e s  of  drying.
APENDIX A
RAINFALL SIMULATOR
The rainfall s imulator  (Figure A.1) cons is ted  of  a 5 0  L reservoir from 
which  distilled w a te r  w a s  pumped using a 1/5 HP electrical pum p and a 
plast ic hose  with a 1 .32  cm  inner diameter .  An 8 1 0 0  veejet  nozzle w a s  
placed 2 .0 5  m above  the  soil surface.  This nozzle provided d rops  with a 
medium diamete r  of 2.0  mm w hen  6 psi were  applied accord ing  to  a 
cal ibrat ion reported by Morin et  al (1966).  Using a relat ionship b e tw ee n  
terminal  veloci ty in m/s and drop diameter  in mm cited by Laws (1941) ,  the 
terminal  veloci ty for drops  with a medium diameter  of 2 .0  mm w a s  6 .4  
m/s.  The rainfall intensity w a s  5 4  mm/h.  The kinetic energy  for this 
intensi ty w a s  es t imated  using the following equat ion ci ted by Wischmeier  
and Smith (1978):
E = 11 .9  + 8 .7  log(l)
Where :
E = Kinetic energy  in J / m 2-mm 
I = Rainfall intensity in mm/h
The result ing kinetic energy  w a s  2 6 . 9 7  J / m 2-mm. A rotat ing plastic 
disk (Figure 2) with an aper ture  of 30° w a s  placed under  th e  nozzle.  This 
plast ic disk w a s  a t tached  to  a ceiling fan motor which al lowed th e  disk to
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Figure A.1.  Rotating-disk rainfall simulator.
Figure A .2. Rotating plastic disk with an aperture of 30'
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rota te  a t  variable speeds .  The w a te r  passed  th rough  the  disk aper tu re  only 
w h e n  th e  nozzle w a s  above  it. The w a te r  which did not  p a s s  th rough  the  
disk aper tu re  w a s  removed by a plastic panlike configurat ion which  drained 
to  the  w a te r  reservoir.  In this way,  the  e x c e s s  w a te r  w a s  recycled.  A 
plast ic shel te r  w a s  placed under the  panlike collector  to  avoid any  w a te r  
sp lash  in the  test ing  area.  To preven t  any wind effect ,  plast ic walls w ere  
a t ta ch e d  to  the  w ooden  s truc ture  in which the  rainfall s imulator  w a s  
mounted .
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